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Abstract 
In the last three decades the global population has been growing at an essentially constant rate, 
at around 1.5 per cent per year, to about 6.026 billion in 2000 when it was estimated that 47% 
of that population live in an urban environment.  Further, a United Nations’ projection 
indicates that 60% of the total global population may be living in an urban settlement by the 
year 2025.  This increasing urbanisation brings with it increased employment, that delivers 
affluence, which then continues the cycle of migration and movement to these growing 
metropolitan areas in both developed and developing countries. 
As cities increase in population and expand their urban area, there is a consequential expansion 
of urban transportation and accompanying service infrastructure.  People travel daily, 
irrespective of their vast differences in culture, economic conditions and means of 
transportation.  This daily mobility is sought for its own sake as well as to bridge the spatial 
distance that separates their homes from the work place, to accomplish their household’s 
domestic needs and to undertake social journeys, such as visiting friends and taking holidays. 
As the world’s urban population undertakes its daily mobility by a variety of transportation 
modes, an individual’s mobility behaviour and mode-choice is governed by a complex matrix 
of physical and human, social and management indicators, measures and/or drivers.  A 
literature review describes the current understanding of this complex matrix and concludes by 
identifying and defining a set of fundamental underlying measures that drive private 
motorised, public transport and non-motorised (walking and bicycling) mobility at national, 
city and household levels. 
As practical instruments, transportation models play an important role in providing decision-
makers with analytical tools to help them understand their city’s transportation and the 
different future scenarios it may face.  While not necessarily producing foolproof information 
or predictions, models are still the best methods available to test the likely implications of 
alternative transportation policy decisions in a rapidly changing urban environment.  Urban 
transport models are generally based on the notion that traffic can be modelled in aggregate 
measures through statistical data and predictive modelling techniques. 
In this research, dimensional analysis is used to derive sketch-plan models for private 
motorised, public transport and non-motorised mobility for any urban environment based on 
four-decades of detailed land-use and travel pattern data from a large international sample of 
cities.  These models are developed on the basis of a set of fundamental underlying measures ii 
that are deemed to drive private motorised, public transport and non-motorised (walking and 
bicycling) mobility at the city level. 
Importantly, the models also embody three key attributes.  They are: 
•  easy to use, minimising user requirements and data inputs 
•  policy-sensitive, capable of assessing a sufficient range of policy options 
•  reliable and robust over time, so that the results can be consistently believed. 
The capacity of the sketch-plan models to predict personal mobility in an urban environment is 
statistically validated against an independent land-use and travel pattern data set for 83 cities 
located on five continents.  Despite their simplicity and maintaining a consistent functional 
form over a time-series of four-decades and across all geographic and cultural regions, the 
private motorised mobility model can consistently explain up to 92% of the variance in private 
motorised urban mobility.  The results for the public transport mobility model are less reliable 
and consistent, in particular when developing cities are part of the model.  Results for 
developed or wealthier cities are much better.  Reasons for these results and their inadequacies 
are discussed.  The non-motorised modes mobility model is the least successful part of the 
modelling work.  This can be attributed to a combination of inadequate data and, very likely, 
the more micro-level determinants of usage of these modes. 
The private motorised urban mobility sketch-plan model equation developed in this thesis is 
able to predict present and future trends of automobile use in individual cities to a high degree 
of statistical reliability.  The model equation offers urban transport planners a focused 
direction on the fundamental measures that have the potential to control and deliver 
automobile restraint policies and strategies.  A series of case studies shows that this model has 
wide applications in understanding past trends in private motorised mobility and in developing 
urban environmental strategy and policy through its ability to calculate and assess current and 
future motor vehicle emissions inventories in cities.  The thesis makes suggestions for future 
work in this area of metropolitan level transport modelling, in particular, how to improve the 
public and non-motorised transport models so that total urban transport mobility can be better 
understood and modelled. 
 
 
 
 iii 
TABLE OF CONTENTS 
     P a g e  
Abstract     i 
Table of Contents    iii 
Appendix     vii 
List of Figures    x 
List of Tables    xiv 
Abbreviations and Symbols  xxi 
Acknowledgments   xxxv 
Publications related to Thesis  xxxvi 
 
Chapter One 
Introduction: Transport mobility patterns and need for reliable macro-level 
models of urban transport mobility. 
1.1  Background to the study.  1 
1.2  Models of transport mobility.  5 
1.3  Need for reliable models of urban transport mobility.  7 
1.4 Research  questions.  9 
1.5  Structure and summary of the thesis.  10 
 
Chapter Two 
Review of underlying measures that drive private motorised mobility at a 
national, city and household level. 
2.1 Introduction.  14 
2.2  Population, urbanisation and automobiles: a global perspective.  15 
2.3  Population, urbanisation and automobiles: a city perspective.  25 
2.4  Population, urbanisation and automobiles: a household perspective.  31 
2.5  What are the measures that drive private motorised mobility at the national,   
  city and household level?  33 
 2.5.1  Introduction.  33 
  2.5.2  Per capita income: a measure that drives private    
  motorised  mobility.  34 
  2.5.3  Urban form influences on private motorised mobility.  64 
  2.5.4  Employment influences on private motorised mobility.  68 
  2.5.5  Road and rail infrastructure and network influences on private   
  motorised  mobility.  71 
  2.5.6  Automobile occupancy: an influence on private motorised    
  mobility.  82 
2.6 Private  motorised  mobility:  a  synthesis.  85 
  2.6.1  Statistical analysis of the measures at national and city level.  86 
  2.6.2  Household level statistical analysis of measures.  92 
 2.6.3  Summary  overview  statement.  93 
2.7  Chapter summary and conclusion.  93 
 iv 
Chapter Three 
Review of underlying measures that drive public transport and non-
motorised mobility at a national, city and household level. 
3.1 Introduction.  96 
3.2  Broad insights into public transport and non-motorised mobility at    
  a national and city level.  98 
  3.2.1  National level public transport mobility.  98 
  3.2.2  City level public transport mobility.  98 
 3.2.3  Non-motorised  mobility:  walking.  99 
 3.2.4  Non-motorised  mobility:  bicycling.  99 
3.3  What are the measures that drive public transport mobility at the national   
  and city level?  100 
 3.3.1  Introduction.  100 
  3.3.2  Per capita income and automobiles.  101 
  3.3.3  Population and employment density.  112 
  3.3.4  Road network length and road network speed as measures that   
    help to explain public transport mobility.  122 
  3.3.5  Parking provision and its relationship to public transport    
  mobility.  130 
3.4  What are the measures that drive non-motorised mobility at the city    
  level?    134 
 3.4.1  Introduction.  134 
  3.4.2  Urban area, population and employment density and their    
  influence  on  walking  in  cities.  135 
  3.4.3  Urban area, population and employment density measures and their   
    relationship to levels of bicycle use in cities.  140 
3.5 Human,  social  and  management factors that influence public transport   
 and  non-motorised  mobility.  142 
 3.5.1  Introduction.  142 
3.6  Public transport and non-motorised urban mobility: a synthesis.  144 
  3.6.1  Statistical analysis of the measures.  146 
3.7  Chapter summary and conclusion.  157 
 
Chapter Four 
Systems model of private motorised urban mobility. 
4.1 Introduction.  161 
4.2  The measures that drive private motorised urban mobility.  162 
4.3  A non-dimensional private motorised urban mobility indicator.  164 
4.4  Data sets for the controlling measures.  165 
4.5  Model development: the underlying approach.  166 
  4.5.1  Transport models: brief overview.  167 
 4.5.2  Thesis  model  synopsis.  169 
  4.5.3  Dimensional analysis: a brief exposition.  171 
 4.5.4  Buckingham’s  Pi  (Π) Theorem.  173 
4.6  Private motorised urban mobility model equations.  176 
  4.6.1  Model equations for automobiles-only for the decades 1960,    
  1970,  and  1990.  177 
  4.6.2  Model equation for automobiles, motorcycles, and taxi mode for the   
    1990 data set.  179 v 
  4.6.3  Model equation for decades 1960 to 1990: a combined data set.  181 
4.7  Model equation incorporating a vehicle saturation function.  183 
4.8  Validation of Equation 4.11 using an independent data set.  186 
 4.8.1  Modelling  private  motorised  urban mobility from an independent   
  data  set.  187 
4.9  Discussion of model equation’s predictions.  188 
  4.9.1  Over and under predicting cities.  188 
 4.9.2  Influence  of  cars,  motorcycles and taxis in cities.  190 
4.10  Chapter summary and conclusion.  191 
 
Chapter Five 
A sketch-plan model of public transport and non-motorised mobility. 
5.1 Introduction.  193 
5.2 A  public  transport  mobility  model.  194 
  5.2.1  The measures that drive public transport mobility.  194 
5.3 A  public  transport  mobility  indicator.  196 
5.4  Data sets used in development of the model equation.  197 
5.5 Public  transport  mobility  model  development.  197 
 5.5.1  Dimensional  analysis.  197 
5.6  Public transport mobility equations.  198 
  5.6.1  Public transport mobility equations for decades 1960, 1970,   
  1980  and  1990.  200 
5.7  Public transport mobility equation using combined data sets for 1960    
 to  1990.    202 
5.8 Public  transport  mobility  model  validation of Equation 5.8.  204 
  5.8.1  Predicting public transport mobility in cities at varying GDP per   
  capita  levels.  205 
5.9 A  non-motorised  mobility  model.  209 
 5.9.1  Non-motorised  mobility:  a  non-dimensional indicator.  210 
  5.9.2  Non-motorised mobility model: underlying approach.  211 
 5.9.3  Non-motorised  mobility model equation.  212 
5.10  Non-motorised mobility model validation of Equation 5.17.  214 
5.11  Chapter summary and conclusion.  215 
 
Chapter Six 
Trends in vehicle kilometres of travel in world cities, 1960-1995: underlying 
drivers and policy responses. 
6.1 Introduction.  218 
6.2  Mathematical rearrangement of Equation 4.11.  218 
6.3 City  selection.  221 
6.4  An examination of automobile restraint policies at the city level.  222 
 6.4.1  Background.  222 
  6.4.2  A case study of two Asian cities.  224 
  6.4.3  A case study of two European cities.  231 
 6.4.4  Case  studies  of  American and Australian cities.  239 
6.5 Automobile  restraint  policy  implications.  244 
 vi 
Chapter Seven 
Application of private motorised mobility model to prediction of automotive 
exhaust emissions. 
7.1 Introduction.  247 
7.2  Impact of automobile exhaust emissions on urban environments.  248 
7.3  Automobile exhaust emission control strategy standards.  250 
  7.3.1  Emissions regulations in developed countries.  250 
  7.3.2  Emission regulation in a selection of developing countries – India   
  and  Thailand.  252 
7.4  Automobile exhaust emissions ‘in-use’ automobile emissions values.  253 
  7.4.1  Australian cities ‘in-use’ automobile exhaust emissions values.  253 
  7.4.2  United States of America ‘in-use’ automobile exhaust emissions   
  values.  255 
 7.4.3  European  cities  ‘in-use’  automobile exhaust emissions values.  256 
  7.4.4  Variation of ‘in-use’ automobile emission values (g/km) with   
    road network speed (km/h) and fuel type.  256 
7.5  Mass emissions inventory of primary automobile exhaust emissions.  259 
  7.5.1  Mass emission inventory for automobile exhaust emissions in both   
    developed and developing countries.  260 
7.6  A case study of five Australian cities: first-stage inventory.  261 
  7.6.1  Determination of ‘in-use’ automobile exhaust emission rates (g/km)   
    an Australian case study.  262 
  7.6.2  Determination of automobile ownership and use Australian case   
    study cities 2000, 2010 and 2020.  264 
  7.6.3  Determination of the first-stage mass inventory for automobile    
    exhaust emission pollutants in Australian cities.  267 
7.7 Predicting  private  motorised  mobility:  application to photochemical smog    
 pollution.    274 
  7.7.1  Ambient ozone: a case study of five Australian cities.  275 
7.8  Chapter summary and conclusion.  276 
 
Chapter Eight 
Conclusion. 
8.1 Overview.    278 
8.2  Findings and conclusions on the fundamental measures underlying   
 transport  mobility.  279 
  8.2.1  Private motorised mobility measures.  279 
 8.2.2  Public  transport  mobility  measures.  280 
 8.2.3  Non-motorised  transport mobility measures.  282 
8.3  Findings and conclusions on the urban mobility model equations.  283 
  8.3.1  Private motorised urban mobility model.  283 
 8.3.2  Public  transport  mobility  model.  284 
 8.3.3  Non-motorised  mobility  model.  285 
8.4 Applications  of  the  private  motorised urban mobility model.  286 
  8.4.1  Changes in private motorised mobility in cities and their policy   
  implications.  286 
  8.4.2  Environmental policy implications of private motorised mobility   
  in  cities.  287 
8.5  Suggested follow-up research.  288 vii 
  8.5.1  Transport and land-use data.  288 
  8.5.2  Saturation of automobile ownership and use.  288 
  8.5.3  Private motorised mobility model.  289 
  8.5.4  Human, social and management measures.  289 
8.6 Concluding  comment.  289 
 
Bibliography 
References cited.  290 
Appendix 
Appendix 1 to 13  329 
Appendices for this thesis are contained in the attached CD-ROM.  The following provides a 
detailed description of each Appendix.  The thesis data is contained in Microsoft Excel ® 
spreadsheets. 
Appendix 1 - Model data 
Appendix 1.1 
This Appendix contains the primary data for 1960 – 1961 for 45 international cities taken from 
Kenworthy et al. (1999) and shows the Buckingham (1914) dimensionless Pi group ratios 
developed by application of Stull’s (1988) procedure.  It also contains private motorised 
mobility and public transport model runs. 
Appendix 1.2 
This Appendix contains the primary data for 1970 – 1971 for 45 international cities taken from 
Kenworthy et al. (1999) and shows the Buckingham (1914) dimensionless Pi group ratios 
developed by application of Stull’s (1988) procedure.  It also contains private motorised 
mobility and public transport model runs. 
Appendix 1.3 
This Appendix contains the primary data 1980 – 1981 for 45 international cities taken from 
Kenworthy et al. (1999) and shows the Buckingham (1914) dimensionless Pi group ratios 
developed by application of Stull’s (1988) procedure.  It also contains private motorised 
mobility and public transport model runs. 
Appendix 1.4 
This Appendix contains the primary data for 1990 – 1991 for 45 international cities taken from 
Kenworthy et al. (1999) and shows the Buckingham (1914) dimensionless Pi group ratios 
developed by application of Stull’s (1988) procedure.  It also contains private motorised 
mobility and public transport model runs. 
Appendix 1.5 
This Appendix contains the independent primary data for 1995 – 1996 for 36 international 
cities taken from Kenworthy and Laube (2001).  This Appendix forms part one of the 
independent data set used to verify the model equations and shows the Buckingham (1914) 
dimensionless Pi group ratios developed by application of Stull’s (1988) procedure.  These 
cities are similar to those in Appendices 1.1 to 1.4. viii 
Appendix 1.6 
This Appendix contains the independent primary data for 1995 – 1996 for 47 international 
cities taken from Kenworthy and Laube (2001).  This Appendix forms part two of the 
independent data set used to verify the model equations and contains the new cities not used 
Appendices 1.1 to 1.4.  It also shows the Buckingham (1914) dimensionless Pi group ratios 
developed by application of Stull’s (1988) procedure. 
Appendix 1.7 
This Appendix contains the combined 1960/61 to 1990/91 primary data used to develop the 
private motorised urban mobility model equation, Equation 4.10 and Equation 4.11. 
Appendix 1.8 
This Appendix contains the combined 1960/61 to 1990/91 primary data set used to develop the 
public transport mobility model equation, Equation 5.8. 
Appendix 1.9 
This Appendix contains the independent data Kenworthy and Laube (2001) set used to validate 
the private motorised mobility model equation, Equation 4.11. 
Appendix 1.10 
This Appendix contains the independent data Kenworthy and Laube (2001) set used to validate 
the public transport model equation, Equation 5.8. 
Appendix 1.11 
This Appendix contains the independent data Kenworthy and Laube (2001) set used to 
establish and validate the non-motorised transport model equation Equation 5.17. 
Appendix 1A – Sherrod model runs 
This Appendix contains the Sherrod (1995) Nonlinear Regression Analysis Program 
(NLREG©®) mobility model runs for Equation 4.8, Equation 4.9, Equation 4.10, Equation 
4.11, Equation 5.8 and Equation 5.17.  Print outs are shown in Appendix 14.1, 14.2 and 14.3. 
Sherrod’s computer program is protected by a License Agreement.  To run, a test version of 
Sherrod’s software may be accessed from www.sandh.com/sherrod or email to: 
phil.sherrod@sandh.com. 
Appendix 2 - United Nations – National population 
This Appendix contains the estimated United Nations mid-year population values of 53 
countries from 1947 to 1997. 
Appendix 3 – United States of America data 
This Appendix contains files from United States’ Government Departments, Agencies and 
Authorities on the following topics: population, household structure, number of transport 
vehicles, automobile profiles, vehicle kilometres of travel, transport fuel price and Nationwide 
Personal Transportation Survey 1990.  These data are for the period 1950 to 2003. 
Appendix 4 – Chapter Two and Chapter Three data and ‘r’ correlation 
This Appendix contains a number of spreadsheets formed from a wide range of referenced 
sources such as Kenworthy et al. (1999), Kenworthy and Laube (2001), Ingram and Lui (1997 
and 1998), International Monetary Fund (2001), International Road Federation (1973 to 2002), 
United Nations (2000) and personal communications from professional personnel working for 
world cities.  These data sets allow a statistical evaluation of the fundamental underlying ix 
drivers / measures of transport mobility at the national, city and household level in Chapter 2 
and Chapter 3. 
Appendix 5 – Data and figures for Chapter Two 
This Appendix contains data relevant to the Figures and Tables used in Chapter 2. 
Appendix 6 and 6A - Data and figures for Chapter Three 
This Appendix contains data relevant to the Figures and Tables used in Chapter 3. 
Appendix 7 - Data and figures for Chapter Four 
This Appendix contains data relevant to the Figures and Tables used in Chapter 4. 
Appendix 8 - Data and figures for Chapter Five 
This Appendix contains data relevant to the Figures and Tables used in Chapter 5. 
Appendix 9 - Data and figures for Chapter Six 
This Appendix contains all data and calculations relevant to the Figures and Tables used in 
Chapter 6 in particular data and calculations associated with Equation 6.5. 
Appendix 10 - Data and figures for Chapter Seven 
This Appendix shows all data and calculation procedures for automobile ownership and VKT 
projections and first-stage emission inventories for criteria air pollutants, photochemical smog 
precursors, as well as Figures that are used in Chapter 7. 
Appendix 11 – IMF GDP per capita 
This Appendix shows the International Monetary Fund’s values of GDP per capita ($US) at 
current prices for 178 countries over the period 1970 to 2001. 
Appendix 12 – World Road Statistics 
This Appendix shows the International Road Federation’s statistics of the number of and 
kilometres of travel for automobiles, motorcycles and buses, and road infrastructure statistics 
in 46 countries between 1970 and 2003. 
Appendix 13 – Thesis papers 
This Appendix contains the published papers from this thesis. 
Appendix 14 - Sherrod’s NLREG print out 
Appendix 14.1 – Private motorised mobility Equation 4.11  330 
The print out shows the ‘p’ parameters, proportion of variance explained, ‘t’ and ‘Prob t’ 
values for ‘p’ parameters for private motorised mobility Equation 4.11. 
Appendix 14.2 – Public transport mobility Equation 5.8  331 
The print out shows the ‘p’ parameters, proportion of variance explained, ‘t’ and ‘Prob t’ 
values for ‘p’ parameters for public transport mobility Equation 5.8. 
Appendix 14.3 – Non-motorised mobility Equation 5.17  332 
The print out shows the ‘p’ parameters, proportion of variance explained, ‘t’ and ‘Prob t’ 
values for ‘p’ parameters for non-motorised mobility Equation 5.17. 
 x 
List of Figures 
     P a g e  
Figure 1.1  Structure of the thesis.  11 
Figure 2.1  Annual average automobiles per 1,000 person for selected World   
    regions - 1970 to 1999.  17 
Figure 2.2  Variation in automobiles per 1,000 persons in selected more   
    developed countries – 1970 to 1999.  18 
Figure 2.3  Change in composition of the United States 4-tyred passenger   
    vehicle fleet 1970 to 2000.  19 
Figure 2.4  Variation in automobiles per 1,000 persons in selected less developed    
    countries – 1970 to 1999.  20 
Figure 2.5  Annual average automobile VKT per capita for selected World regions   
     - 1970 to 1999.  22 
Figure 2.6  Annual average automobile VKT per capita for selected more   
    developed countries - 1970 to 1999.  23 
Figure 2.7  Annual average automobile VKT per capita for selected less   
    developed countries - 1970 to 1999.  24 
Figure 2.8  GDP per capita and automobiles per 1,000 for a selection of 36   
    more developed and less developed countries - 1970 and 1998.  36 
Figure 2.9  GDP per capita and automobiles per 1,000 in a selection of 22 OECD   
    member states for 1980 and 1990.  38 
Figure 2.10  Annual average automobiles per 1,000 persons and automobile   
    VKT per capita for a selection of 21 more developed and less   
    developed countries – 1975 and 1995.  42 
Figure 2.11  Annual average automobile VKT per capita for selected World   
    regions – 1970 to 1995.  43 
Figure 2.12  GDP per capita and automobile VKT per capita for a selection   
    of 24 more and less countries – 1970 and 1995.  44 
Figure 2.13  GDP per capita and automobile VKT per capita for a selection   
    of 24 OECD member states – 1970 and 1995.  45 
Figure 2.14  GDP per capita and automobiles per 1,000 for a selection of 31   
    more and less developed cities for 1990 and 1995.  51 
Figure 2.15  GDP per capita and automobile VKT per capita for a selection of 31   
    more and less developed cities 1990 and 1995.  55 
Figure 2.16  Variation in city metropolitan population density and annual average   
    automobile per1000 persons for a selection of more and less developed   
    cities - 1980 and 1995.  66 
Figure 2.17  Variation in city metropolitan population density and annual average   
    automobile VKT per capita for a selection of more and less developed   
    cities - 1980 and 1995.  66 
Figure 2.18  Metropolitan urban jobs density and automobiles per 1,000 persons    
    for a selection of more developed and less developed cities 1980    
  and  1995.  69 
Figure 2.19  Metropolitan urban jobs density and automobile VKT per capita   
    for a selection of more developed and less developed cities 1980    
  and  1995.  70 
Figure 2.20  National road metres per capita and automobiles per 1,000 persons for a   
    selection of more developed and less developed countries 1975    
  and  1995.  72 
Figure 2.21  National road metes per capita and automobile VKT per capita for a   
    selection of more developed and less developed countries 1975    
  and  1995.  73 xi 
Figure 2.22  Metropolitan road metres per capita and automobiles per 1,000 persons   
    for a selection of more developed and less developed cities 1970    
  and  1995.  75 
Figure 2.23  Metropolitan road metres per capita and automobile VKT per capita for   
    a selection of more developed and less developed cities 1970 and 1995.  76 
Figure 2.24  Metropolitan road m per capita and population density for a selection of   
  cities  1995.  77 
Figure 2.25  Metropolitan express road network length and automobiles per 1,000   
    persons for a selection of cities 1995.  78 
Figure 2.26  Metropolitan express road network length and automobile VKT per   
    capita for a selection of cities 1995.  78 
Figure 2.27  Metropolitan urban rail network length (rail m/capita) and automobiles   
    per 1,000 persons for a selection of more developed and less developed   
    cities for 1990 and 1995.  80 
Figure 2.28  Metropolitan urban rail network length (rail m/capita) and automobile   
    VKT per capita for a selection of more developed and less developed   
    cities for 1990 and 1995.  81 
Figure 2.29  Relationship between average automobile occupancy and automobile   
    VKT per capita for 21 developed cities 1960 to 1995.  83 
Figure 2.30  Relationship between automobile occupancy and automobile VKT   
    per capita for 21 developed cities 1960 to 1995.  84 
Figure 2.31  The broad measures that influence private motorised mobility at the   
  national,  city  and  household  level.  85 
Figure 3.1  A comparison between automobile and bus VKT per capita for a   
    selection of more and less developed countries from 1970 to 1995.  103 
Figure 3.2  The influence of increasing GDP per capita on annual average bus VKT   
    per capita for a selection of more and less developed countries for 1980   
  and  1995.  107 
Figure 3.3  A comparison of automobile and public transport passenger kilometres   
    per capita for a selection of more and less developed cities for 1970    
  and  1995.  109 
Figure 3.4  Annual average automobile and public transport passenger kilometres   
    per capita for selection of more and less developed cities between   
  1960  and  1995.  110 
Figure 3.5  Metropolitan population density (p/sq km) and public transport   
    passenger km per capita for a selection of both more and less developed   
    world cities for 1970 and 1995.  117 
Figure 3.6  A comparison of metropolitan employment density (p/sq km)   
  and public transport passenger km per capita for a selection of both more   
  and less developed cities for 1970 and 1995.  121 
Figure 3.7  Total metropolitan road network length (rdm/capita) and public   
    transport kilometres of service per capita for a selection of more   
    and less developed cities for 1970 and 1995.  124 
Figure 3.8  A comparison of total metropolitan road network length (rdm/capita)   
    and public transport passenger kilometres per capita for a selection of   
    more and less developed cities for 1970 and 1995.  126 
Figure 3.9  The total road network speed and public transport passenger   
    kilometres per capita for a selection of more and less developed   
    cities for 1980 and 1995.  128 
Figure 3.10  The relationship between total public transport network speed and   
    public transport passenger kilometre per capita for a selection of more   
    and less developed cities for 1980 and 1995.  129 
Figure 3.11  The relationship between the ratio of public to road network speed and   
    public transport passenger kilometre per capita for a selection of more   
    and less developed cities for 1980 and 1995.  130 
 xii 
Figure 3.12  The relationship between CBD parking bays per 1,000 workers and   
    public transport passenger km per capita for 1970 and 1995.  133 
Figure 3.13  Metropolitan urbanised area and annual average walking trips per   
    capita for 1995 in 83 cities.  137 
Figure 3.14  Metropolitan population density and annual average walking trips per   
    capita for 1995 in 83 cities.  138 
Figure 3.15  Metropolitan urbanised employment density and walking trips   
    capita for 1995 in 83 cities.  139 
Figure 4.1  The measured private motorised mobility and that modelled using   
    Equation 4.8 with the Kenworthy et al., (1999) 1990 data set.  178 
Figure 4.2  The measured private motorised mobility and that modelled using    
    Equation 4.9 with the Kenworthy et al., (1999) 1990 data set.  181 
Figure 4.3  The measured private motorised mobility and that modelled using    
    Equation 4.11 with the Kenworthy et al., (1999) combined 1960 to    
    1990 data set.  185 
Figure 4.4  The measured private motorised mobility and that modelled using    
    Equation 4.11 for automobiles+motorcycles+taxis for cities in the    
    Kenworthy and Laube (2001) 1995 data set.  187 
Figure 5.1  Measured public transport mobility and that modelled using Equation    
    5.8 with the Kenworthy et al., (1999) 1990 data set.  201 
Figure 5.2  Measured public transport mobility and that modelled using Equation   
  5.8 for the Kenworthy et al., (1999) combined 1960 to 1990 data set.  203 
Figure 5.3  Measured public transport mobility for an independent cities and    
    that modelled using Equation 5.8 and Kenworthy and Laube (2001)    
  data  set.  204 
Figure 5.4  Measured public transport mobility in the cities with a >$US10K GDP per   
    capita and that modelled using Equation 5.8 and the Kenworthy and   
  Laube  (2001)  data  set.  208 
Figure 5.5  Measured public transport mobility in the cities with a <$US10K GDP per   
    capita and that modelled using Equation 5.8 and the Kenworthy and   
  Laube  (2001)  data  set.  208 
Figure 5.6  Measured non-motorised mobility and that modelled using Equation 5.17   
    for the Kenworthy and Laube (2001) data set.  213 
Figure 5.7  Measured non-motorised mobility and that modelled using Equation 5.17   
    for validating the Kenworthy and Laube (2001) data set cities.  214 
Figure 6.1  Changes in the model equation’s automobile saturation factor with   
  automobiles  per  capita.  220 
Figure 6.2  Changes in the factors using Equation 6.5 for Singapore 1960 to 1995.  227 
Figure 6.3  Changes in the factors using Equation 6.5 for Hong Kong 1970 to 1995.  230 
Figure 6.4  Changes in the factors using Equation 6.5 for Munich 1960 to 1995.  234 
Figure 6.5  Changes in the factors using Equation 6.5 for Stockholm 1960 to 1995.  238 
Figure 6.6  Changes in the factors using Equation 6.5 for New York 1960 to 1995.  240 
Figure 6.7  Changes in the factors using Equation 6.5 for Phoenix 1960 to 1995.  242 
Figure 6.8  Changes in the factors using Equation 6.5 for Perth 1960 to 1995.  243 
Figure 7.1  Automobile exhaust emissions rate change with vehicle speed   
    - gasoline-fuelled automobiles.  257 
Figure 7.2  Automobile exhaust emissions rate change with vehicle speed   
    - diesel-fuelled automobiles.  258 
Figure 7.3  Australian case study cities automobiles per 1,000 persons – 1980    
  to  2020.  265 
Figure 7.4  Australian case study cities automobiles VKT/capita – 1980 to 2020.  267 
Figure 7.5  Scenario 1 first-stage inventory CO, NOx and HCs for Australian cities   
    2000, 2010 and 2020.  268 
 
 
 xiii 
Figure 7.6  Scenario 2 first-stage inventory CO, NOx and HCs for Australian cities   
    2000, 2010 and 2020.  270 
Figure 7.7  Scenario 3 first-stage inventory CO, NOx and HCs for Australian cities   
    2000, 2010 and 2020.  271 
Figure 7.8  Total tonnes of primary pollutants (CO+NOx+HC) for Perth in 2000,   
    2010 and 2020 for the three scenarios.  272 
Figure 7.9  Total tonnes of primary pollutants (CO+NOx+HC) modelled for Scenario   
    3 in five Australian case study cities for 2000. 2010 and 2020.  273 
Figure 7.10  Ozone chemical reaction.  275 
 
 
 xv 
List of Tables 
     P a g e  
Table 1.1  Average key patterns of urban transport mobility in cities of the   
  world  by  region,  1995.  4 
Table 2.1  Estimated changes in the World’s population and level of urbanisation   
    for 1975, 2000 and 2025.  16 
Table 2.2  Countries selected to represent the World regions of Europe, Asia-Pacific,   
    South America and Africa.  17 
Table 2.3  Comparison of automobiles per 1,000 persons in Thailand and Bangkok   
  1970  to  1999.  20 
Table 2.4  GDP per capita ($US, current prices) in Indonesia, Malaysia, Taiwan   
    and Thailand for 1980 to 1998.  21 
Table 2.5  Comparison of automobiles and motor cycles per 1,000 persons in   
    Indonesia, Malaysia, Taiwan and Thailand 1980 to 1998.  21 
Table 2.6  Influence of Australia’s automobile VKT per capita in the Asia-Pacific   
  region  1970  to  1999.  23 
Table 2.7  Cities selected to characterise North American, European and Asia-Pacific  
    regions 1970 and 1995.  26 
Table 2.8  A selection of cities from Table 2.7 characterise into one of Thomson’s   
  (1977)  five  strategies.  26 
Table 2.9  Metropolitan population, population density, automobiles per 1,000   
    persons and automobile VKT per capita for cities in Table 2.7 for   
  1970  and  1995.  29 
Table 2.10  Households in selected cities of North America, Europe and Asia-Pacific   
    regions 1970 and 1995.  32 
Table 2.11  Litman’s measures that drive and qualify automobile dependence   
    at the city level.  48 
Table 2.12  Comparison of automobiles per 1,000 in cities with similar GDP per   
    capita ($US) for 1990 and 1995.  51 
Table 2.13  Comparison of GDP/capita and automobile VKT per capita in a selection   
    of North American, European, Australian and Asian cities 1990   
  and  1995.  54 
Table 2.14  Annual average income and number of vehicles (types) per household   
    for the USA 1985 to 2000.  57 
Table 2.15  Changes in household income and automobiles per household for London   
  1991  to  2000.  58 
Table 2.16  Changes in income and number of automobiles per households for   
    Copenhagen, Munich and Stockholm 1971 to 1995.  59 
Table 2.17  Changes in real income and number of automobiles per household   
    for Hong Kong, Singapore and Manila 1980 to 2000.  60 
Table 2.18  Increasing household income and number of household trips for   
    the Denver region 1997.  62 
Table 2.19  Household income, automobiles per household and daily automobile trips   
    per household in Edmonton 1994.  62 
Table2.20  Changes in annual average income, automobiles and VKT per household   
    for Copenhagen, Munich and Stockholm 1981 to 1995.  62 
Table 2.21  Regional variations in average metropolitan urban population density,   
    automobiles per 1000 and VKT per capita for a selection of more and les   
  developed  cities  1980.  65 
Table 2.22  Regional variations in average metropolitan urban population density,   
    automobiles per 1000 and VKT per capita for a selection of more and les   
  developed  cities  1990.  65 xvi 
Table 2.23  Regional variations in average metropolitan urban population density,   
    automobiles per 1000 and VKT per capita for a selection of more and les   
  developed  cities  1995.  65 
Table 2.24  Variation in automobile occupancy and automobile VKT per capita for   
    a selection on more and less developed cities 1970 and 1995.  83 
Table 2.25  Measures that drive private motorised mobility at a national, city   
  and  household  level.  86 
Table 2.26  Equations for the statistical relationships used in the analyses.  87 
Table 2.27  Relationship between GDP per capita and automobiles per 1,000   
    persons at a national and city level.  87 
Table 2.28  Relationship between GDP per capita and annual average passenger   
    vehicle VKT per capita at a national and city level.  88 
Table 2.29  Relationship between total metropolitan population density and   
    automobile ownership and use at a city level.  89 
Table 2.30  Relationship between employment density and automobiles per   
    1,000 persons and VKT per capita at a city level.  90 
Table 2.31  Relationship between road infrastructure and automobiles per    
    1,000 persons at a city level.  90 
Table 2.32  Relationship between road infrastructure as road metres per capita and   
    automobile VKT per capita at a city level.  91 
Table 2.33  Relationship between rail infrastructure and automobiles per 1,000   
    persons and VKT per capita at a city level.  91 
Table 2.34  Relationship between public transport boardings per capita and    
    automobiles per 1,000 persons and automobile VKT per capita at a city    
  level.    92 
Table 2.35  Relationship between public transport vehicle kilometres of service per   
    capita and automobiles per 1,000 persons automobiles VKT per capita    .
  at  a  city  level.  92 
Table 2.36  Relationship between persons and automobiles per household   
    in a selection of cities.  93 
Table 2.37  Relationship between workers and automobile per household   
    in a selection of cities.  93 
Table 2.38  The fundamental drivers of private motorised mobility at national,   
    city and household level.  95 
Table 3.1  A comparison between automobile and bus VKT per capita in the USA,    
    Europe and a selection of less developed countries from 1970 to 1998.  102 
Table 3.2  A comparison of regional modal share for automobiles, buses and rail   
    as % of total trips with annual average GDP per capita for 1960, 1970,    
    1980 and 1990 for a selected group of countries.  105 
Table 3.3  The influence of increasing GDP per capita on automobile and bus VKT   
    per capita for a selection of more and less developed countries from   
  1970  to  1995.  106 
Table 3.4  Annual average GDP per capita of cities in Figure 3.4 for 1980, 1990    
  and  1995.  111 
Table 3.5  Average values for urban population, urban area, and urban population   
    and employment density in a selection of world cities from 1960 to   
    1995.    112 
Table 3.6  Public transit market share as percent of all motorised transportation   
    modes in a selection of European cities for 1998.  115 
Table 3.7  Public transit market share as percent of all central core area motorised   
    transportation modes in a selection of European cities for 1998.  115 
Table 3.8  A comparison of population density and public transport passenger kms   
    and vehicle kms of service per capita in New York and Los Angeles from   
  1960  to  1995.  115 xvii 
Table 3.9  A comparison of population density and public transport passenger kms   
    and vehicle kms of service per capita in Hong Kong and Tokyo from   
  1960  to  1995.  116 
Table 3.10  A comparison of selected cities with similar metropolitan population   
    density and different public transport passenger km per capita in 1970.  118 
Table 3.11  A comparison of selected cities with similar metropolitan population   
    density and different public transport passenger km per capita in 1995.  118 
Table 3.12  Regional averages of CBD population density (p/sqkm) from 1960   
  to  1990.  119 
Table 3 13  Regional averages in a city’s outer area population density (p/sqkm)   
    from 1960 to 1990.  119 
Table 3.14  Selected total road network (rd m/capita) and annual average public   
    transport vehicle kilometres of service per capita 1970 and 1995.  125 
Table 3.15  Selected metropolitan road network length (rdm/capita) and public   
    transport passenger km per capita for 1970 and 1995.  126 
Table 3.16  Public transport modes for automobile and transit cities in 1970    
  and  1995.  127 
Table 3.17  A regional comparison of cities - average supply of CBD parking bays   
    per 1,000 CBD workers for 1980, 1990 and 1995 in various and regions.  132 
Table 3.18  CBD parking bays per 1,000 CBD workers for 1980, 1990 and 1995 in a   
    selection of world cities.  132 
Table 3.19  A comparison between population density and annual average walking   
    trips per capita in a selection of more and less developed cities for 1995.  138 
Table 3.20  Physical and economic measures associated with public transport and non-  
    motorised mobility at national, city and household level.  145 
Table 3.21  Human social and management measures associated with public transport   
  and  non-motorised  mobility  at national and city level.  145 
Table 3.22  Relationship between GDP per capita and public transport vehicle    
    kilometres of service per capita at a national level and GDP per capita    
    and public transport boardings, vehicles kilometres of service and    
  passenger  kilometres  per  at the city level.    147 
Table 3.23  Relationship between automobile passenger km per capita and public   
    transport boardings, vehicles kilometres of service and passenger kilometres 
    per capita at the city level.  147 
Table 3.24  Relationship between urban population density and public transport   
    boardings, vehicles kilometres of service and passenger kilometres   
    per capita for all cities and developed cities only in 1995.  148 
Table 3.25  Relationship between total metropolitan employment density and public   
    transport boardings, vehicle kilometres of service and passenger kilometres  
    /capita for all cities and developed cities only in 1995.  150 
Table 3.26  Relationship between total metropolitan road infrastructure and public   
    transport boardings, vehicle kilometres of service and passenger kilometres  
    /capita for all cities and developed cities only in 1995.  151 
Table 3.27  Relationship between total metropolitan road infrastructure speed and    
    public transport boardings, vehicle kilometres of service and passenger    
    kilometres per capita for all cities and developed cities only in 1995.  152 
Table 3.28  Relationship between overall public transport speed and annual average    
    public transport boardings, vehicle kilometres of service and passenger    
    kilometres per capita for all cities and developed cities only in 1995.  153 
Table 3.29  Relationship between the ratio overall public transport speed to the   
  Metropolitan  road  infrastructure speed and annual average public   
    transport boardings, vehicle kilometres of service and passenger   
    kilometres per capita for all cities and developed cities only in 1995.  154 
 
 
 xviii 
Table 3.30  Relationship between CBD parking bays per 1,000 workers and public   
    transport boardings, vehicle kilometres of service and passenger kilometres  
  per  capita.  155 
Table 3.31  Best-fit relationships between total annual average non-motorised trips   
    per capita and a series of measures for 1995.  156 
Table 3.32  The fundamental underlying physical drivers of public transport   
  and  non-motorised  mobility.  159 
Table 3.33  The fundamental underlying human, social and management drivers   
    of public transport and non-motorised mobility.  159 
Table 4.1  Fundamental drivers of private motorised mobility and their corresponding  
  controlling  measures.  163 
Table 4.2  Geographical distribution of cities in the 1960, 1970, 1980 and 1990   
  data  sets.  165 
Table 4.3  Cities included in each region and country for the 1960, 1970, 1980 and   
    1990 data sets.  166 
Table 4.4  Dimensional form of the indicators and measures (controlling parameters)   
    that drive private motorised mobility.  172 
Table 4.5  Dimensionless ratios derived by Stull’s (1988) procedure.  173 
Table 4.6  Parameters of power function in Equation 4.8 and proportion of the   
    variance explained using four data sets from 1960 to 1990.  177 
Table 4.7  ‘t’ and ‘prob t’ statistics for ‘p’ parameters shown in Table 4.6.  178 
Table 4.8  Statistical comparison between the measured private motorised mobility   
    and that modelled by Equation 4.8.  179 
Table 4.9  Parameters of power function in Equation 4 9 and proportion of the   
    variance explained using data set for 1990.  180 
Table 4.10  ‘t’ and ‘prob t’ statistics for ‘p’ parameters shown in Table 4.9.  180 
Table 4.11  Statistical comparison between the measured private motorised mobility   
    and that modelled by Equation 4.9.  181 
Table 4.12  Parameters of power function in Equation 4.10 and 4.10a and the proportion 
    of the variance explained using the combined 1960 to 1990 data set.  182 
Table 4.13  ‘t’ and ‘prob t’ statistics for ‘p’ parameters shown in Table 4.12.  182 
Table 4.14  Statistical comparison between measured and modelled private   
  motorised  mobility  using  Equation 4.10 and 4.10a.  182 
Table 4.15  The ‘p’ parameters and proportion of the variance explained for   
    Equation 4.11 using individual decade data sets for automobiles only.  184 
Table 4.16  ‘t’ and ‘prob t’ statistics for ‘p’ parameters shown in Table 4.15.  184 
Table 4.17  The ‘p’ parameters and proportion of variance explained using Equation   
    4.11 for the combined 1960 to 1990 data set with cars only and   
  cars+motorcycles+taxis.  184 
Table 4.18  ‘t’ and ‘prob t’ statistics for ‘p’ parameters shown in Table 4.17.  184 
Table 4.19  Statistical comparison between measured and modelled private motorised   
    mobility using Equation 4.11 for the combined 1960 to 1990 data set.  186 
Table 4.20  Independent 1995 urban data set cities by geographical location.  186 
Table 4.21  Statistical comparison between measured and modelled private motorised   
    mobility using Equation 4.11.  187 
Table 4.22  Variation for selected cities between measured and modelled values of   
    private motorised mobility in the 1995 data set using Equation 4.11.  188 
Table 4.23  Over-predicting cities in the 1995 data set.  189 
Table 4.24  Under-predicting cities in the 1995 data set.  189 
Table 4.25  Measured versus modelled private motorised mobility in the automobiles   
    only and automobiles+motorcycles+taxis mode for Asian cities using   
  Equation  4.11.  190 
Table 4.26  Selected developed cities measured versus modelled private motorised   
  urban  mobility  in  the  automobiles  only and automobiles+motorcycles+taxis 
    using Equation 4.11.  191 xix 
Table 5.1  The physical measures that drive public transport and non-motorised   
    mobility and clarification of their terminology.  195 
Table 5.2  The human, social and management measures that drive public   
    transport and non-motorised mobility.  195 
Table 5.3  Geographic distribution of cities in the 1960, 1970, 1980 and 1990 data.  197 
Table 5.4  Dimensional form of the additional measures (controlling parameters)   
    for public transport mobility determination.  198 
Table 5.5  Dimensionless ratios derived by Stull’s (1988) procedure applied to   
    the additional public transport mobility measures.  198 
Table 5.6  ‘p’ parameters of the power function in for Equation 5.8 and proportion   
    of variance explained using four data sets from 1960 to 1990.  200 
Table 5.7  ‘t’ and ‘Prob t’ statistics for ‘p’ parameters shown in Table 5.6.  201 
Table 5.8  Statistical comparison between the measured public transport mobility   
    and that modelled by Equation 5.8 for 1980 and 1990 data sets.  201 
Table 5.9  Public transport mobility model ‘p’ parameters for the 1960 to 1990   
  combined  data  sets.  202 
Table 5.10  Statistical comparison between the measured public transport mobility    
    and that modelled by Equation 5.8 for the combined data set    
  1960  to  1990.  202 
Table 5.11  Statistical comparison between the measured public transport mobility   
    and that modelled by Equation 5.8 in low and high income cities.  205 
Table 5.12  Land-use, infrastructure and transportation factors of the cities identified   
  in  Figure  5.3.  206 
Table 5.13  Independent 1995 data set cities with GDP per capita greater than   
  $US10,000  per  annum.  207 
Table 5.14  Independent 1995 data set cities with GDP per capita less than   
  $US10,000  per  annum.  207 
Table 5.15  ‘p’ parameters of the power function in Equation 5.17 and proportion   
    of variance explained for the 1995/96 data set.  213 
Table 5.16  ‘t’ and ‘Prob t’ statistics for ‘p’ parameters shown in Table 5.15.  213 
Table 5.17  Statistical comparison between the measured non-motorised mobility   
    and that modelled by Equation 5.17 for the 1995/96 data set.  213 
Table 5.18  Statistical comparison between the measured non-motorised mobility and   
    that modelled by Equation 5.17 for the model validation cities, 1995/96.  215 
Table 6.1  Key land-use and transport characteristics of the 7 case study cities in    
  1995.    222 
Table 6.2  Transport and urban form characteristics for American and Australian   
    cities contrasted with European and Asian cities (averages, 1995).  239 
Table 7.1  Australian Design Rules automobile exhaust emission standards   
  1976  to  2005.  251 
Table 7.2  European exhaust emission regulatory changes, 1970 to 2002.  251 
Table 7.3  United States (Federal) and (Californian) exhaust emission changes   
  1970  to  2004.  252 
Table 7.4  Automobile exhaust emission standards for gasoline fuelled vehicles   
    in India and Thailand.  253 
Table 7.5  Average values of ‘in-use’ automobile fleet exhaust emission values   
    for Perth and Sydney 1981 to 1998.  254 
Table 7.6  Australian cities percent of total automobile fleet in various ADR   
    Groupings for 1997, 1999 and 2000.  255 
Table 7.7  America’s total automobile fleet ‘in-use’ exhaust emission factors   
    1990, 1995 and 2000 – with and without air conditioning operation.  255 
Table 7.8  European automobile in-use’ exhaust emission values – gasoline.  256 
Table 7.9  European automobile in-use’ exhaust emission values – LPG and diesel.  256 
Table 7.10  Average, minimum and maximum 24-hour/7-day road network speed    
    (km/h) for a selection of international cities from 1960 to 1995.  258 
 xx 
Table 7.11  Contribution of the transport sector to the total urban air pollution load.  259 
Table 7.12  Modelled first-stage emission inventory of the primary automobile    
    exhaust pollutants for a selection of Australian and American cities    
    using average emission rates from the city’s automobile fleet in tonnes    
  per  year.  260 
Table 7.13  Modelled first-stage emission inventory of the primary automobile   
    exhaust pollutants for a selection of European and Asian cities using   
    average emission rates from the city’s automobile fleet in tonnes   
  per  year.  261 
Table 7.14  Modelled first-stage emission inventory of the primary automobile   
    exhaust pollutants for a selection of Australian and American cities using   
    average emission rates from the city’s automobile fleet in tonnes    
  per  year.  261 
Table 7.15  Australian automobiles by ADR groupings – actual values for 1997 to   
    2002 and predicted values for 2010 and 2020.  263 
Table 7.16  Scenarios for ‘in-use’ exhaust emissions of the Australian national   
  automobile  fleet.  263 
Table 7.17  Australian cities predicted weighted average exhaust emission rates   
    for 2000, 2010 and 2020.  264 
Table 7.18  Australian cities automobiles per 1,000 persons for 1980, 1990   
    2000, 2010 and 2020.  265 
Table 7.19  Australian cities automobile VKT for 1980, 1990, 2000, 2010 and 2020.  266 
Table 7.20  Scenario 1 first-stage inventory of CO, NOx and HCs for Australian   
  cities  2000,  2010  and  2020.  268 
Table 7.21  Scenario 2 first-stage inventory of CO, NOx and HCs for Australian   
  cities  2000,  2010  and  2020.  269 
Table 7.22  Scenario 3 first-stage inventory of CO, NOx and HCs for Australian   
  cities  2000,  2010  and  2020.  271 
Table 7.23  Scenario 3 precursors for ambient ozone 2000, 2010 and 2020 (annual   
    average tonnes of pollutant, NOx and HCs).  276 
 
 
 
 
 
 
 
 
 xxi 
Abbreviations and symbols 
The following abbreviations are used throughout the thesis. 
000’s   thousand 
 
AAA   Australian Automobile Association 
AATSE  Australian Academy of Technological Sciences and Engineering 
ABS    Australian Bureau of Statistics 
AD   Anderson  Darling  coefficient 
ADB    Asian Development Bank 
ADR    Australian Design Rules 
AGO   Australian Greenhouse Office 
ALF   Annual  Vehicle  License  Fees 
ALS   Area  Licensing  Scheme 
AP   air  pollutant 
APTA  American Public Transit Association 
ARF    Additional Registration Fee 
Auto   automobile 
av.   average 
 
BTCE    Bureau of Transport and Communication Economics 
BTRE    Bureau of Transport and Regional Services 
 
CAN   Canada 
CBD   central  business  district 
CO   carbon  monoxide 
CO2   carbon  dioxide 
COE   Certificate  of  Entitlement 
CRC    Chemical Rubber Company 
CSE    Centre for Science and Environment 
CST    Centre for Sustainable Transportation 
CTRE    Centre for Transportation Research and Education 
car   automobile 
cars/1,000  automobiles per 1,000 persons 
carVKT/capita  automobile vehicle kilometres of travel per capita 
 
DET    Department of the Environment, Transport and Regions 
DfTR   Department for Transport and Regional Services 
DK   Danish  Kroner  (monetary) 
DM    Deutsch Mark (monetary) 
DoTUK  Department of Transport United Kingdom 
 
ECMT  European Conference of Ministers of Transport 
EEA   European  Environment  Agency 
EMTA European  Metropolitan Transport Authorities 
ERP    Electronic Road Pricing 
ESTEEM  Estimation of Travel, Energy and Emissions Model 
Europe Western  Europe 
EU   European  Union 
e.g.   for  example 
Eqtn   Equation 
et al.    and others 
exp    exponential statistical function 
 xxii 
FC   fuel  consumption 
FORS   Federal Office of Road Safety 
FRT   First  Registration  Tax 
 
GDP    Gross Domestic Product 
GHG   Greenhouse Gas 
GIS    Geographic Information Systems 
GNP    Gross National Product 
g/km    grams per kilometre 
 
HC   hydrocarbons 
HK   Hong  Kong 
h/hold   household 
 
ILUTM  Integrated Land-use Transport Models 
IMF   International  Monetary  Fund 
IRF   International  Road  Federation 
 
JPL   Joules  per  litre 
 
km   kilometre 
km/h    kilometres per hour 
 
LPG   liquid  petroleum  gas 
LR   linear  regression 
LRT    Light Rail Transit 
lin    linear statistical function 
log   logarithmic  statistical  function 
L/100km  litres per 100 kilometres 
 
MRT   Mass Rapid Transit 
MTH   Ministry of Transportation and Highways 
mad   mean  absolute  difference 
m-cycles motor  cycles 
mcs   motor  cycles 
 
NA   not  available 
NAAQS  National Ambient Air Quality Standards 
NEHF  National Environmental Health Forum 
No.   number  of 
NOx   oxides  of  nitrogen 
NLREG Sherrod’s  Non-linear  Regression 
NPTS   National Personal Transportation Survey 
Nth   North 
 
OECD  Organisation for Economic Co-operation and Development 
 
pass veh  passenger vehicles, automobiles 
Pb   lead 
p/ha    persons per hectare 
p/sq km  persons per square kilometre 
PM   particulate  matter 
pow   power  statistical  function 
Prob t   ‘Prob t’ statistic 
pub trans  public transport 
 xxiii 
RPS   Road  Pricing  Scheme 
rdm   road  metres 
rmsd    square root of the mean of the square of the difference 
 
S   sulphur 
Sing   Singapore 
SK   Swedish  Kroner  (monetary) 
sq km   square kilometre 
std.   standard 
std. dev.  standard deviation 
Stats   Statistics 
 
TOPAZ Technique  for  the  Optimal  Placement of Activities in Zones 
TPM   transport  planning  models 
TRB   Transportation  Research  Board 
TTR    Transport and Travel Research 
txs   taxis 
 
UITP   International Union (Association) of Public Transport 
UK   United  Kingdom 
UN   United  Nations  Organization 
UNCHS  United Nations Centre for Human Settlements 
UNEP  United Nations Environment Program 
US, USA  United States of America 
USOFR  United States Office of Federal Register 
USBTS United  States  Bureau of Transport Statistics 
USCB United  States  Census  Bureau 
USDC  United States Department of Commerce 
USDL  United States Department of Labor 
USEPA  United States Environmental Protection Agency 
USDoT  United States Department of Transport 
 
VKT    vehicle kilometres of travel 
VQS   Vehicle  Quota  System 
VTPI   Victoria Transport Policy Institute 
 
WADoT Western  Australian  Department  of  Transport 
WBCSD  World Business Council for Sustainable Development 
WHO   World Health Organisation 
 
The following symbols are used throughout the thesis. 
% per  cent 
$ dollar  monetary 
< less  than 
> greater  than 
£ pound  monetary  (UK) 
ƒ function  of 
ρ  total urbanised population density 
S  private passenger vehicle saturation factor 
/ division 
* multiplication 
Δ  represents the change in the individual measure 
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CHAPTER ONE 
 
INTRODUCTION: TRANSPORT MOBILITY PATTERNS AND THE NEED 
FOR RELIABLE MACRO-LEVEL MODELS OF URBAN TRANSPORT 
MOBILITY 
 
1.1  Background to the Study 
In the last three decades the global population has been growing at an essentially constant rate, of 
around 1.5 per cent per year, to about 6.026 billion in 2000 when it was estimated that 47% of that 
population live in an urban environment (World Bank, 2000; UNCHS, 2001). 
This increasing urbanisation brings with it increased employment, which delivers affluence, which 
in turn continues the cycle of migration and movement to these growing metropolitan areas in both 
developed and developing countries.  As cities increase in population and jobs and expand their 
urbanised land area, there is a consequential expansion of urban transportation needs and 
accompanying service infrastructure especially for longer distance trips.  This brings with it a 
whole range of pressing and urgent problems for cities in terms of energy use, emissions, 
greenhouse gases and a host of local traffic-related environmental problems. 
People travel daily, irrespective of vast differences in culture, economic conditions and means of 
transportation.  This daily mobility is sought for its own sake as well as to bridge the spatial 
distance that separates homes from work places, to accomplish basic domestic needs such as 
shopping and personal business requirements and to undertake social journeys, such as visiting 
friends and taking holidays (WBCSD, 2001).  Schafer (1998) indicates that global inhabitants 
travelled on average 1,820 kilometres per annum by automobile, bus, railway, or aircraft in 1960 
and by 1990 this value had increased almost two and half times to 4,390 kilometres.  This growth 
in mobility is focussed significantly in cities and, considering rates of urbanisation, the issue of 
accommodating growing mobility, especially in automobiles, is a major challenge to virtually 
every city in the world. 
Examining the decade between 1980 and 1990, Kenworthy et al. (1999:568) show that United 
States cities’ annual private passenger vehicle kilometres per capita grew from an average of   2 
9,042km to 11,155km (2.1% annual growth rate), Australian cities increased from 5,851 to 
6,571km (1.2% annual growth rate) and Canadian cities from 5,372km to 6,466km (1.9% annual 
growth rate).  These increases were in cities already defined as ‘automobile dependent’ with 
established high rates of automobile ownership.  In the much less ‘automobile dependent’ cities in 
the world, the annual growth rates in private automobile use were much higher.  In the same ten 
years, Western European cities’ annual private passenger vehicle kilometres per capita grew from 
3,526km to 4,519km (a 2.5% annual growth rate), while high income cities in Asia (Hong Kong, 
Singapore and Tokyo) grew from 923km per capita to 1,487km (a 4.8% annual growth rate).  
Developing cities in Asia, with very low per capita incomes compared to those in other countries, 
had annual average private passenger vehicle kilometres per capita that rose from 1,026km to 
1,735km in the same ten years (a 5.3% annual growth rate).  It is also in these developing cities 
where urbanisation rates are highest, so that the combined effect of very rapid growth in private 
mobility and large increases in population causes major problems (Levinson and Kumar, 1996; 
Cervero and Radisch, 1996; Badoe and Miller, 2000). 
In the 45 cities which form the backbone of this dissertation, a mere handful have reduced their 
annual average private passenger vehicle kilometres per capita in the era up to 1995 (Kenworthy et 
al., 1999; Kenworthy and Laube, 2001).  This continued growth in automobile usage brings with it 
congestion, urban sprawl and the loss of urban environmental amenity such as increasing urban air 
pollution (World Health Organisation, 1999 and 2003).  The pace of motorisation in some cities is 
growing even faster than the population; automobile ownership growth rates of 15-20% per year 
are not uncommon in some developing cities.  It is not surprising then that, at the city level, 
transport infrastructure facilities cannot cope, average automobile usage is increasing, automobile 
occupancy and road network travel speeds are decreasing and no city is immune to congestion 
(Spencer and Madhavan, 1989; OECD/ECMT, 1995; Gakenheimer, 1999; World Bank, 2000a). 
The automobile has truly revolutionised society over the past century, bringing benefits of 
increased personal mobility and access to the broadest range of goods and services.  However, its 
relentless growth has a dark side, as environmental damage caused by motor vehicle emissions 
includes deteriorating urban air quality, increased traffic noise and decaying environmental 
amenity on a global basis (Mage and Walsh, 1992; Morton, 2002; Romieu, 1992). 
In the world’s developed cities, particularly in the United States and Australia, the automobile is 
the dominant transportation mode-choice with at least 85% of the total share of all journey-to-
work trips (ABS, 1994; USDoT, 1997).  Canadian cities in 1990 averaged a little less at 74% of 
work trips by private transport (Kenworthy et al., 1999).  While public transport offers mobility to   3 
people without automobiles (captive riders), as well as to ‘choice riders’ who use public transport 
because it offers a competitive service, public transport’s market-share is constantly under 
pressure and struggles to make headway against the automobile in many cities (Cervero, 1998; 
TRB, 2001).  For example, Kenworthy et al. (1999) show that, in the space of only ten years from 
1980 to 1990, United States cities’ modal split for the journey-to-work by public transport dropped 
from 13.0% to 11.0%, in Australian cities it went from 17.7% to 14.5% and in Canadian cities it 
dropped from 24.4% to 19.7%.  The story is a little different in Western European cities where in 
the decade from 1980 to 1990, significant investments were made in public transport systems and 
many central city areas had increasing restraints placed on private automobile access.  In these 
cities, Kenworthy et al. (1999) show that modal split for the journey-to-work by public transport 
rose from an average of 35.8% to 38.4%.  Likewise, wealthier Asian cities continued to develop 
their public transport systems, especially their rail networks and modal split for the journey-to-
work increased from an already very high 59.3% to 60.8%.  However, in line with growth in 
automobile use in developing cities, lower income Asian cities decreased in public transport share 
for the journey-to-work from 39.1% to 33.4%. 
Europe’s urban mobility patterns show a marked contrast to its North American and Australian 
counterparts, as market share is often comparable for automobiles and public transport.  Public 
transport modal share within the central core areas of many European cities is often greater than 
55% (TRB, 2001; EMTA, 2002).  Non-motorised modes, walking and bicycling, have a strong 
tradition and wide community acceptance in Europe where their market share can approach 30% 
of all daily trips (Pucher and Lefèvre, 1996; European Commission, 1998).  Kenworthy and Laube 
(2001), in a major comparison of cities around the world, show that, in Western European cities in 
1995, non-motorised transport accounted for 31% of all daily trips and public transport accounted 
for 19% of total trips.  Thus in Western European cities, at the end of the 20
th century automobiles 
were still only accounting for 50% of all daily trips.  In Eastern European cities at the same time, 
public transport and non-motorised modes together accounted for 73% of all daily trips. 
In the environment of many lower income developing Asian cities, there is a transition occurring 
from strongly public transit orientated mobility and in many cases non-motorised mobility, 
towards motorisation.  Motorcycles in particular, as well as automobiles, are burgeoning as major 
forms of personal mobility, even under the influence of fluctuating economic forces (Hook and 
Replogle, 1996; Barter, 1998; World Bank, 2000e).  Walking and bicycling are still very 
prominent in many Asian and developing cities, however they are influenced by regional factors 
such as cultural background and economic forces (Allport, 2000; Rwebangira, 2001; Tirawi, 
2001).  The 1995 data in Kenworthy and Laube (2001) show that these lower income Asian cities   4 
such as Bangkok, Manila, Jakarta and others average 31.7% of total daily trips by non-motorised 
modes, while Chinese cities retain 65% of daily trips by foot and bicycle.  Public transport in the 
lower income Asian cities achieves roughly the same share as non-motorised modes at 30.2%, but 
is much lower in Chinese cities (19%).  Indeed, Kenworthy and Laube’s data show that in 7 out of 
the 11 regions in the global study, the proportion of daily trips undertaken by private vehicles was 
under 50%, averaging 34%.  Table 1.1 summaries key mobility data from these 11 regions. 
Table 1.1 – Average key patterns of urban transport mobility in cities of the world by region, 1995 
Mobility indicator  USA  ANZ  CAN  WEU  WASIA 
% of total daily trips by private transport 
% of daily trips by public transport 
% of daily trips by non-motorised transport 
annual private pass vehicle pass kms/capita 
annual public transport pass kms/capita 
88.5 
3.4 
8.1 
18,155 
488 
79.1 
5.1 
15.8 
11,387 
918 
80.5 
9.1 
10.5 
8,645 
918 
49.6 
19.1 
31.3 
5,924 
1,541 
38.6 
32.3 
29.1 
3,724 
4,045 
 
Mobility indicator  DASIA  STH 
AMER 
AFRICA CHIN
A 
MID 
EAST 
EEU 
% of total daily trips by private transport 
% of daily trips by public transport 
% of daily trips by non-motorised transport 
annual private pass vehicle pass kms/capita 
annual public transport pass kms/capita 
38.1 
30.2 
31.7 
1,989 
1,905 
35.4 
33.9 
30.7 
2,862 
2,754 
31.7 
26.1 
42.2 
2,101 
2,409 
15.9 
19.0 
65.0 
814 
1,897 
72.9 
12.1 
15.0 
4,770 
944 
26.8 
47.1 
26.2 
2,908 
3,240 
Notes to Table 1.1 – USA – United States of America; ANZ – Australia and New Zealand; CAN – Canada; WEU – 
Western Europe; WASIA – Wealthy Asia; DASIA – Developing Asia; STH AMER – South America; MID EAST – 
Middle East; EEU – Eastern Europe. 
Source: Kenworthy and Laube (2001). 
In many developing cities the informal transport sector also forms an important daily mobility 
network and comprises amongst others shared taxis, jeepneys, jitneys and other privately operated 
paratransit systems that operate only loosely along fixed routes, if at all (Shimazaki and Rahman, 
1996; Cervero, 2000; World Bank, 2000e). 
This very brief overview of patterns of urban transport on a global scale reveals a very wide 
variation in the level of private motorised mobility.  Although the process of motorisation is very 
strong, the overview also suggests that some cities do not move inevitably towards greater use of 
automobiles for all trips.  The patterns of variation suggest that there are many policies and factors 
at work in determining the complexion and level of use of urban transport modes in any particular 
city at any particular time.  Moreover, these patterns change over time in response to a complex 
array of factors. 
One such complex factor is that motorised transport is the largest consumer of the world’s 
petroleum.  About half the world’s petroleum is used for transportation, making it central to 
international concerns over energy security and political stability in energy producing regions.  
The thesis recognises the importance of this measure and that it will have significant impacts on all   5 
motorised modes of transport mobility in urban environments.  However, quantifying a suitable 
uniform measure at an urban level to represent the uncertainties of future global oil supplies in the 
modelling exercises in this thesis has not been practical because of the difficulty in defining and 
collecting suitable standardised data (Kenworthy et al., 1999).  As well, the conflicting opinions 
surrounding supply, future demand, the ever changing international pricing structure and 
petroleum marketing subsidies have meant that an energy ‘uncertainty’ measure was not 
considered in the development of the transport mobility models in this thesis (Fleay, 2000; Carfree 
Times, 2004; Illum, 2004; Sperling and Claussen, 2004). 
Being able to understand these patterns of variation in private, public and non-motorised mobility 
and why they change in a more holistic yet simplified way at a city level, is clearly an interesting 
and worthwhile subject for research.  Taking the research a step further and developing a 
mathematical model that enables researchers and policy makers to reliably predict levels of 
private, public and non-motorised mobility in cities in response to different policy changes would 
be of obvious benefit for a range of people concerned with the management of cities. 
As the world’s urban population undertakes its daily mobility by a variety of transportation modes, 
an individual’s mobility behaviour and mode-choice is governed by a complex matrix of physical 
and human, social and management indicators, measures and / or drivers.  Whilst it is possible to 
develop models that begin to understand the travel behaviour of individuals on a micro-scale, 
within cities it is the collective manifestation of these individual travel decisions in terms of the 
overall transport patterns observed within cities, that are at the heart of the research in this thesis. 
1.2  Models of transport mobility 
Reviewing the state of knowledge about what drives or underlies urban transport mobility in its 
various forms, the researcher is confronted with an array of different perspectives, studies and 
empirically supported theories.  This knowledge about transport mobility is organised and 
presented in the literature at essentially three different levels: 
(a)  National level studies or analyses that attempt to understand what is happening in 
passenger transportation in different countries and drawing this knowledge together 
into some overall theories or perspectives on what is ‘driving’ passenger transport 
trends worldwide, for example income and automobile ownership.  There is a strong 
predictive component to much of this research in terms of trying to estimate overall 
passenger transport patterns in different countries in years to come.  Studies that fall   6 
into this level of research include the work of Dargay and Gately (1997); Ingram and 
Lui (1999) and Dargay (2001) in researching relationships and predictive capability 
between income, infrastructure (road) provision and vehicle ownership and use. 
(b) City level studies that examine patterns of passenger transport in whole urban areas or 
regions and trends in these patterns in an attempt to understand what is driving 
changes at this very important level within nations.  A range of ancillary data are 
usually applied to the problem, and statistical regression analyses are employed to see 
what combinations of factors are associated with the observed levels of mobility by 
different modes.  City level studies may also attempt to understand the different 
patterns of mobility that occur in different locations or zones within the same city.  
Similar data or variables are often used to analyse these ‘within city’ patterns of 
transport as that used in ‘between city’ comparative research.  Studies that fall into 
this level of research include the work of Meurs and Haaijer (2001) and Zhang (2002) 
in researching spatial structure as a determinant of mobility, and comparing and 
contrasting the varying degrees of automobile dependent travel by those with different 
income and in both suburban and urban locations. 
(c)  Household level studies which collect a considerable variety of data on the travel 
patterns of individuals within households in a particular city and then attempt to relate 
these observed patterns of mobility by various modes to a wide range of variables that 
cover socio-economic and other factors.  These studies, which occur in a very large 
number of cities in the world, are the basis of the traditional transport planning models 
that urban areas use to plan for future transport infrastructure requirements.  These 
models are the ‘4-step’ land-use transport gravity models that characterise the urban 
transportation planning (UTP) process used since the mid-1950s.  Studies that fall into 
this level of research include the work of Golob et al. (1996) and Hunt et al. (2000) in 
researching vehicle kilometres of travel in multi-vehicle households, trip generation as 
well as mode choice together with household composition, household socio-economic 
status and various aspects of urban form. 
A literature review of this knowledge of transport models reveals a range of divergent ideas in 
what are considered the underlying drivers of urban transport mobility.  It highlights the need to 
take a critical overview of the field in order to try to resolve, in particular, our understanding of the 
evolution of transport mobility in cities and to develop a reliable quantitative method for 
predicting the various forms of urban transport mobility.   7 
1.3  Need for reliable models of urban transport mobility 
It is apparent from the literature reviews in this thesis on the drivers of private, public and non-
motorised urban mobility that there is a clear gap in our collective knowledge about how to 
reliably reproduce or model observed patterns of transport mobility which are derived from 
carefully validated city-level empirical data.  Because of this gap in knowledge there are no 
available urban transport sketch-plan models that can be used for exploring studies into how 
patterns of urban transport mobility at a whole city level, in particular the level of use and balance 
between different transport modes, can be dynamically altered under different transport policy 
actions affecting key underlying drivers.  This critical gap in knowledge has been recently 
confirmed in a major study for the United States Environmental Protection Agency (USEPA). 
In this study entitled, “Simplified Travel Demand Forecasting for Developing Countries: Phase 1 
Final Report”, it is stated that: 
“The objective of this work assignment has been to develop a set of technical 
recommendations on how to tailor a simplified, quantitative travel demand 
forecasting method for use in cities in developing countries.  The results are intended 
to assist with the assessment of future transportation demand and mobile-source 
emissions in developing countries, in which the technical capabilities and data 
available for modelling may vary considerably.”(Cambridge Systematics, 2003:9). 
Further in this report it states: 
“This exploratory research has demonstrated the need for a sketch-planning tool that 
can be used for travel and air emissions forecasting in developing countries.  The 
findings suggest that it may be feasible to develop such a tool.  Furthermore, there is a 
critical need to improve the availability and quality of data for travel forecasting and 
transportation planning in developing countries.  This research proposes some next 
steps for working to meet these data and forecasting needs.  If these needs can be met, 
countries throughout the developing world will finally have tools at their disposal to 
assess the implications of different types and levels of transportation policy and 
investment for air quality and for other indicators of urban quality of life.” 
(Cambridge Systematics, 2003:21). 
The study goes on to conclude that: 
“The requirements for a model that is useful in cities in developing countries are 
stringent.  In particular, it will be a challenge to develop a model that is a) easy to use, 
minimising user requirements and data inputs; b) policy-sensitive, capable of 
assessing a sufficient range of policy options; and c) reliable, so that the results can be 
believed.  Nevertheless, we believe that such a model can probably be developed.  
Research has demonstrated significant relationships among aggregate-level variables 
such as income, highway and transit investment, population density, and motor 
vehicle use that could form the basis for a sketch-planning model.  Other data   8 
sources, more detailed yet limited in geographic scope, could support the inclusion of 
more specific policy variables in the model.  By necessity, though, such a model 
would only be appropriate for assessing policies and investment programs at a general 
level, rather than creating project-specific travel demand forecasts.” (Cambridge 
Systematics, 2003:94). 
Although this study had a focus on cities in developing countries where urban data shortcomings 
are more pronounced, the relevance of this type of proposed model to cities in wealthier parts of 
the world should not be underestimated.  For example, most cities in the United States, Canada 
and Australia are concerned with their high levels of private motorised mobility and continued 
growth trends in this area.  This is brought clearly into focus in the area of automotive emissions 
‘now generally recognised as the source of more air pollution than any other single human 
activity.’ (OECD, 1995:9).  Automobile usage (VKT) in the OECD region is predicted to rise 
steadily from 2000, along with the continuation of strong automobile exhaust control programs in 
the OECD countries.  Global emissions of CO, NOx and HC through the next 10 to15 years 
should, according to this scenario, stabilise.  Beyond that point, however, because of growth in 
VKT and a widespread lack of effective emissions controls in non-OECD countries, these 
emissions are predicted to rise to well above their 1990 levels by about 2030 (OECD, 1995). 
There is therefore a clear need for already automobile dependent cities in wealthier parts of the 
world to be able to understand what drives the growing levels of automobile use in their cities.  In 
particular, they need to know what the key policy levers that are going to be needed are, in order to 
address the most fundamental factor in transport emissions growth, that is, private passenger 
vehicle kilometres of travel. 
In this respect, the World Health Organisation (WHO) is actively seeking models which will 
enable it to predict automotive emissions levels in cities around the world into the future.  The 
WHO’s Charter on Transport, Environment and Health recognises that the health effects of 
growing levels of urban air pollution, especially from the transport sector, is one of the most 
difficult, if not, one of the most intransigent problems it faces (WHO, 1999).  This is because 
automotive emissions come from hundreds of thousands, if not millions of individual sources in 
any one city, all of which are largely uncontrollable once the vehicles have left the factory with 
whatever emissions control technologies they may possess.  On top of this, the actual usage pattern 
of these vehicles and the factors that influence this, appear to be many and complex.  The WHO 
recognises that this complexity makes its task of protecting populations from unsafe levels of air 
pollution, particularly from transport, especially difficult and in urgent need of attention.  This is, 
in-part, the genesis of WHO’s Healthy Cities Program.  To be able to have an urban transport 
model that can cut through this complexity and give the organisation a reasonably reliable picture   9 
of the growth in vehicle kilometres of travel into the future, would be a significant first step in 
modelling future urban air pollution patterns and the likely growth in health impacts from this 
source. 
Air pollution is a major blot on our environmental health scorecard in developed and developing 
cities alike and it is estimated that automobile emissions kill twice as many people as automobile 
crashes.  The effect of automobile exhaust emissions on urban air pollution and their impact on 
public environmental health has become a major concern worldwide in recent years (World Bank, 
2000e; Dora and Racioppi, 2003).  There is also increasing global awareness of the extreme levels 
of outdoor air pollution arising in many developing cities through their rapidly worsening 
problems of motor vehicle traffic congestion and associated air pollution (World Bank, 2000e).  
The combination of these factors means that, in most large urban environments, exposure to air 
pollution is severe (Romieu, 1992; Kjellstrom et al., 2002; Morton, 2002). 
1.4 Research  Questions 
An examination of the state of knowledge in ‘understanding transport mobility’ in general, and 
urban transport mobility in particular, and the demonstrated need for reliable, robust and relatively 
simple sketch-plan models of private, public and non-motorised mobility, suggests four key 
questions to shape the research in this dissertation. 
Research Question 1. 
What are the fundamental underlying drivers of private, public and non-motorised transport 
mobility in cities? 
Research Question 2. 
Can sketch-plan models be developed from macro-level urban transport and land-use data that are 
able to model, to a high level of certainty, measured private motorised urban mobility, public 
transport mobility and mobility by non-motorised modes? 
Research Question 3. 
Are such sketch-plan models of transport mobility in cities able to adequately explain the observed 
historical changes over time in private motorised urban mobility, public transport and non-
motorised mobility in a large sample of world cities?  Are the results from the models consistent 
with known transport, land-use and other policy initiatives in the cities over a similar period?   10 
Research Question 4. 
Can the sketch-plan model for private motorised mobility assist in the understanding and 
prediction of future air quality impacts of the primary air pollutants emanating from the exhaust 
systems of mobile-sources in developed and developing cities?  In other words, is the private 
motorised mobility model useful in future-orientated research? 
1.5  Structure and summary of the thesis 
Chapter 1 has presented some critical background information surrounding the study and has set 
out a rationale for the study.  It has established four research questions that govern the boundaries 
of the research and establish the focus and direction of the study, which is structured into seven 
chapters, as shown in Figure 1.1. 
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Figure 1.1 – Structure of the thesis 
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Chapter 2 describes and discusses the current state of knowledge in the literature on the measures 
that drive private motorised mobility at the national, city and household level.  The literature 
review encompasses both academic sources and other significant research originating in 
organisations such as the World Bank and Organisation for Economic Co-operation and 
Development (OECD).  The review concludes by providing a list of measures that are assessed for 
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their capacity to explain measured levels of private motorised mobility through standard statistical 
methodology.  The chapter then defines a set of key measures that appear to drive private 
motorised mobility at the national, city and household level. 
Chapter 3 undertakes a similar review and discussion to establish the measures that appear to drive 
public transport and non-motorised mobility at the national, city and household level.  After again 
statistically analysing the measures, the chapter defines a core set of measures or drivers that 
appear to be crucial in understanding, modelling and predicting public transport and non-
motorised mobility. 
Chapters 4 and 5 address the second research question aimed at exploring whether reliable policy 
relevant models of private, public and non-motorised mobility can be developed using aggregated 
data for whole metropolitan regions.  The data used in the model development are drawn from the 
work of Newman and Kenworthy (1989) and Kenworthy et al. (1999) and cover the period from 
1960 to 1990.  The methodology used in the model development is a unique statistical method 
employed more commonly in the physical sciences entitled dimensional analysis, which 
overcomes many of the problems of other statistical analyses such as multiple regression.  The use 
of the methodology is based on the premise that cities behave as unified physical systems whose 
aggregate behaviour can be explained in physical terms because certain physically based laws 
appear to be in operation.  This overcomes much of the complexity that occurs at more micro-
levels of study such as with individual households’ travel patterns.  A key aim of the methodology 
is to minimise the number of variables needed to drive the sketch-plan models.  This is important 
if the models are to be ‘user-friendly’ and able to be adopted by cities around the world that may 
have access to only limited urban data.  The models are also developed in a way that they are 
stable over time, independent of geographical constraints, and therefore able to be widely used for 
predictive exercises.  Model results are validated against an independent set of data for 1995 
drawn from 83 cities on all continents (Kenworthy and Laube, 2001). 
Chapter 6 investigates the third research question when it examines the evolutionary changes in 
the key driving variables that predict private motorised mobility and relates them to important 
transport policy initiatives that have been evoked in specific cities, or on the contrary, the absence 
of critical transport policy interventions.  It highlights the way in which private motorised mobility 
has evolved and the relative importance of the different measures in each city’s evolution.  A 
mathematical re-arrangement of the private motorised mobility equation is used to consider the 
effectiveness of a number of transport policy instruments directed at restricting automobile use at 
the city level.  A detailed examination is presented of a series of case study cities that were chosen   13 
either on the basis of their noteworthy or unusual automobile use restraint policies, or as typical 
examples of cities in particular geographical regions.  The case study cities are Singapore, Hong 
Kong, Stockholm, Munich, New York, Phoenix and Perth. 
Chapter 7 addresses the fourth research question by exploring the utility of the model in predicting 
future trends in automobile travel, with a view to increasing capabilities in the area of modelling 
urban air pollution from the transport sector’s exhaust emissions.  The chapter describes a 
procedure that is capable of estimating an inventory of urban air pollutants that emanate from the 
exhaust system of automobiles in both developed and developing cities.  This procedure has the 
capacity to help satisfy a major gap identified in the knowledge in this field by a recent United 
States Environmental Protection Agency report entitled Simplified Travel Demand Forecasting for 
Developing Countries.  The final outcome of this application of the model is the capacity to 
produce first-stage emission inventories of urban air pollutants that have direct impacts on human 
health, linked as they are to increased mortality in cities and being the precursors of photochemical 
smog. 
Chapter 8 ties the study together and provides some overall perspectives and conclusions on the 
usefulness and limitations of the urban mobility models developed in the research.  It also offers 
some suggestions for further research that appear to be needed to consolidate and strengthen the 
progress made in this dissertation in developing models that explain the total transport mobility in 
cities over time. 
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CHAPTER TWO 
 
REVIEW OF UNDERLYING MEASURES THAT DRIVE PRIVATE 
MOTORISED MOBILITY AT A NATIONAL, CITY AND HOUSEHOLD 
LEVEL 
 
2.1 Introduction 
In order to develop a model that will predict private motorised mobility to a high degree of 
statistical reliability, it is necessary to undertake a thorough review of the literature on what 
constitutes the underlying measures that drive private motorised mobility.  There is a broad body 
of literature on this subject, not all of which has been undertaken at a city level.  Much of the 
knowledge in this general subject area relates to national as well as household level data.  It is 
important to review this wider literature as it suggests that observations taken at national and 
household levels are often thought to apply at a city level (Levinson and Kumar, 1995; Ingram and 
Lui, 1997; Schimek, 1999; Battelle, 2000; Polzin, 2001).  This will provide essential core insights 
and perspectives on the central research conducted in this thesis and help to identify gaps in the 
knowledge. 
This chapter therefore examines the fundamental underlying measures that drive private motorised 
mobility at a national, city and household level.  In order to undertake this task thoroughly, there is 
first a very broad overview of some key knowledge and themes about population growth, 
urbanisation and motorisation across the globe.  The global unevenness of these broad patterns and 
trends is characterised by comparing data from a series of more developed and less developed 
regions including data from cities and households in these regions.  After this broad perspective, 
there is a much more detailed review at a national, city and household level that outlines what the 
literature suggests are the current underlying measures that drive private motorised mobility.  This 
will include reviews of measures such as per capita income, metropolitan population and 
employment and density and road and rail infrastructure networks.  Literature is reviewed from 
both academic and professional sources.  This review places particular emphasis on the automobile 
dependence of cities, which for this thesis is synonymous with the level of private motorised 
mobility.  The third part of this review chapter takes a series of data sets drawn from the literature   15 
and conducts a quantitative statistical analysis of the measures that drive private motorised 
mobility.  The literature allows a combination of information such that several new data sets are 
created that help to extend and develop the knowledge in this field.  It has compiled a number of 
independent data sets from an extensive number of sources within the literature that have not been 
drawn together before in order to undertake a more detailed examination and statistical appraisal 
of the measures that drive private motorised mobility (Australian Bureau of Statistics, 1982 to 
2001; Statistics Canada, 2002; Ingram and Liu, 1998; International Monetary Fund, 2001; 
International Road Federation, 1975 to 2002; Kenworthy et al., 1999; Kenworthy and Laube, 
2001; Newman and Kenworthy, 1989; Organisation for Economic Co-operation and Development, 
1993 to 2000; United Nations, 1979 to 2001; United States Department of Transport, 1993 to 
2000a and World Bank, 1992, 2000 and 2000a).  These data sets take existing information and 
convert them to a standardised format such as passenger vehicles (automobiles) per 1,000 persons 
and annual passenger vehicle (automobiles) kilometres of travel (VKT) per capita. 
It should be noted that throughout this chapter not all data is available for every country, city and 
household in each year and that there is no data extrapolation between years.  The values for 
countries, cities and households are only shown for full data sets.  As well, unless otherwise stated 
in this chapter the term automobile shall refer to private passenger cars (IRF, 1973 to 2002; 
Kenworthy et al., 1999). 
The chapter concludes by proposing the fundamental measures that drive private motorised 
mobility at a national, city and household level. 
2.2  Population, urbanisation and automobiles: a global perspective 
This section introduces several relationships between population, urbanisation and passenger 
automobiles, which provide important linkages in the development and determination of the 
fundamental measures that drive private motorised mobility at a national level.  In brief, from 
1975 to 2025, the world’s more developed regions will continue to exhibit moderate increases of 
their estimated total population and the percentage of the total population living in an urban 
settlement.  While their less developed counterparts show regional variability, there has been and 
will continue to be more pronounced increases in both total population and the percentage of the 
total population living in an urban settlement from 1975 to 2025, as estimated by the United 
Nations Centre for Human Settlements (HABITAT) (1996).  The data are shown in Table 2.1. 
   16 
Table 2.1 – Estimated changes in the World’s population and level of urbanisation for 1975, 2000 and 2025 
  Population (millions)  % of total population in urban settlements 
  1975 2000 2025  1975  2000  2025 
World total 
 
World region 
Africa 
Asia 
Europe 
Latin America 
North America 
Oceania 
 
More developed 
Less developed 
 
4,076.985 
 
 
413.988 
2,405.987 
676.389 
319.893 
239.289 
21.438 
 
1,044.186 
3,032.799 
6,158.051 
 
 
831.596 
3,735.846 
729.803 
523.875 
306.280 
30.651 
 
1,185.536 
4,972.515 
8,294.341 
 
 
1,495.772 
4,959.987 
718.203 
709.785 
369.566 
41.027 
 
1,238.406 
7,055.935 
37.73 
 
 
25.15 
24.62 
67.07 
61.32 
73.85 
71.78 
 
69.84 
26.68 
47.52 
 
 
37.30 
37.68 
75.14 
76.61 
77.44 
70.25 
 
76.28 
40.67 
61.07 
 
 
53.77 
54.81 
83.22 
84.67 
84.78 
74.86 
 
83.98 
57.05 
Note: More developed regions comprise Europe, North America, Australia, Japan and New Zealand.  Less developed 
regions comprise Africa, Latin America, Asia and Oceania (excluding Japan, Australia and New Zealand). 
Source: United Nations Centre for Human Settlements (1996). 
Over the last few decades and as can be gauged into the future, these projections have brought and 
will continue to bring a world that is far more urbanised, with a much higher proportion of the 
population living in larger cities and metropolitan areas.  The magnitude of this continued 
urbanisation is further demonstrated by the fact that “[i]n 1970 some 163 metropolitan areas 
worldwide had more than 1 million people.  Today there are about 350 such areas.” (World Bank, 
2000a:130). 
People travel daily irrespective of the vast differences in culture, wealth and means of 
transportation that exist worldwide.  This daily travel or mobility is sought for its own sake and to 
bridge the distances that separate people’s homes from their work place, to accomplish their 
household’s domestic needs and to undertake social journeys, such as visiting friends and taking 
holidays (WBCSD, 2001).  At the same time as increases in national levels of urbanisation have 
occurred, many national private passenger vehicle fleets have more than doubled, increasing at 
higher rates over the latter stages of the period, 1970 to 2000 (IRF, 1973 to 2002; World 
Resources, 1996).  Much of the increase in automobile ownership has been focused in cities, 
especially in developing cities, where levels of per capita income in urban areas are much higher 
than in non-urban areas (Hook and Replogle, 1996; Ramanathan, 2000; World Bank, 2000e). 
However, not all populations and geographic regions have participated evenly in these changes 
and there has been particular disparity in the evenness of private passenger vehicle ownership and 
use.  This disparity occurs between and within national boundaries and manifests itself through 
wide variations amongst nations of different economic and ethnic backgrounds (OECD, 1995; 
Rosenbloom, 1996; Gannon and Liu, 1997; Giuliano and Gillespie, 1997; Ingram and Liu, 1998; 
Dargay and Gately, 1999).  The unevenness in the pattern of regional automobile ownership   17 
expressed as an annual average of automobiles per 1,000 persons is shown in Figure 2.1 for the 
regions of the United States of America, Europe, Africa, Asia-Pacific and South America from 
1970 to 1999, and the primary data on population and automobile ownership are shown in 
Appendices 4 and 5.  The countries representing these regions are shown in Table 2.2. 
Table 2.2 – Countries selected to represent the World regions of Europe, Asia-Pacific, South America and Africa 
Europe Asia-Pacific  South  America  Africa 
Belgium, Denmark, Finland, 
France, Germany, Great 
Britain, Italy, Netherlands, 
Norway, Spain, Sweden 
Australia, Hong 
Kong, Japan, 
Singapore, South 
Korea, Thailand 
Chile, Colombia  Kenya, South Africa 
Note: Not all values of the measures are available for every country in each region in each year, hence only the selected 
countries are used to represent each region. 
 
Figure 2.1 – Annual average automobiles per 1,000 person for selected World regions - 1970 to 1999. 
 
 
Note: The gap in data for some regions. 
Source: Ingram and Liu (1998), IRF (1973 to 2002), UN (1975 to 2001), USDoT (1970 to 2003). 
As no other regional area shows a downward trend in automobile ownership, in the investigation 
period, it is important to explore possible causes why it occurred in the United States.  Figure 2.2 
shows a selection of automobile ownership data for individual countries that contribute to the 
regional picture in Figure 2.1. 
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Figure 2.2 – Variation in automobiles per 1,000 persons in selected more developed countries – 1970 to 1999 
 
Source: Ingram and Liu (1998), IRF (1975 to 2002), UN (1975 to 2001), USDoT (1970 to 2003). 
At a national level Australia, Finland, Great Britain and Japan show a general overall continued 
increase across the period, 1970 to 1999.  It is notable that Australia in 1999 apparently has higher 
automobile ownership than the United States: 502.5 compared to 482.8 automobiles per 1,000 
persons respectively. 
However, the true picture in relation to private passenger vehicles in the United States is masked 
by these data.  The American motoring public has changed its choice of private passenger vehicle, 
and this is the main reason for an apparent decline in automobile ownership after 1990.  The 
popularity of other 2-axle 4-tyre vehicles particularly sport utility vehicles (SUVs) and light-duty 
pick-ups as an alternative to a traditional automobile is dramatically changing the composition of 
America’s private 2-axle 4-tyre passenger vehicle fleet for personal use (Niemeier et al., 2001; 
Pickrell and Schimek, 1999).  Recent trends show that the other 2-axle 4-tyre vehicles are 
progressively replacing automobiles in the national private passenger vehicle fleet (USDoT, 1970 
to 2003) and this change is shown in Figure 2.3. 
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Figure 2.3 – Change in composition of the United States 4-tyred passenger vehicle fleet 1970 to 2000 
 
Source: USDoT (1970 to 2003). 
The result of this classification system for private passenger vehicles in the United States is that, 
rather than a precipitous decline in automobile ownership from 1990, the true picture shown in the 
top curve in Figure 2.3 is one of steady growth in the total private passenger vehicle ownership.  In 
support of this position, Hu and Young (1999:33) comment, “Automobiles continue to lose their 
market share of private vehicles, from 80 percent in 1977 to 65 percent in 1995. In the meantime, 
sport utility vehicles (SUVs) claimed a larger market share.”  In 2000 the United States combined 
total ownership is in excess of 750 private passenger vehicles per 1,000 persons, much greater than 
Australia’s 505. 
The global unevenness in national automobile ownership levels is seen by comparing the values 
for a selection of more developed countries in Figure 2.2 with a selection of less developed 
countries, Chile, South Africa, South Korea, Thailand and Turkey, in Figure 2.4. 
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Figure 2.4 – Variation in automobiles per 1,000 persons in selected less developed countries – 1970 to 1999 
 
Note: The gap in data for some countries in earlier years. 
Source: IRF (1973 to 2002), Ingram and Liu (1998), UN (1975 to 2001). 
Figure 2.4 shows evidence of rapid automobile ownership growth in South Korea, an economy 
that was part of the ‘Asian Tigers’ during the early 1990’s (Schafer, 1998; Willoughby, 2000).  
South Korea’s growth in this measure is obvious, however similar national growth in another 
‘Asian Tiger’, Thailand, is not evident despite the reputation of its capital city, Bangkok, for traffic 
congestion.  Automobile ownership in Bangkok comprises approximately two-thirds to three-
quarters of all automobiles in Thailand, but outside Bangkok automobile ownership is still very 
low.  A comparison of automobile ownership in Thailand and Bangkok is shown in Table 2.3. 
Table 2.3 – Comparison of automobiles per 1,000 persons in Thailand and Bangkok – 1970 to 1999 
  1970 1975 1980 1985 1990 1995 1999 
Thailand 
Bangkok 
5.2 
53.9 
7.3 8.8 
71.1 
11.1 14.4 
198.5 
24.2 
249.1 
34.5 
236.4 
Source: IRF (1973 to 2002), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
Just as there are large differences in national automobiles per 1,000 persons numbers, the 
composition of the total passenger vehicle fleet can vary widely between more developed Western 
countries and some less developed countries, especially Asian countries.  In most Western 
developed countries the automobile is by far the dominant form, comprising greater than 80% of 
the total passenger vehicle fleet.  By contrast, in less developed, but newly industrialising, Asian 
countries such as Indonesia, Malaysia, Taiwan and Thailand, the 2-wheeler motor cycle accounts 
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for between 50% to 75% of the total passenger vehicle fleet.  In Indonesia, Malaysia, Taiwan and 
Thailand, 2-wheeler motor cycle numbers are increasing more rapidly than those for automobiles 
(IRF, 1973 to 2002; Hook and Replogle, 1996; CSE, 2002). 
The economic growth of these countries, reflected in rapidly increasing GDP per capita during 
1990’s has paralleled their growth in personal motorised transportation, particularly 2-wheeler 
motor cycles.  The move away from their traditional non-motorised and public transportation 
modes towards motorised private transport in most Asian countries has had dramatic impacts on 
urban environments and traffic management (Barter, 1999; Willoughby, 2000).  Among the more 
notable is the deterioration of urban air quality and increased road congestion.  Table 2.4 shows 
the GDP per capita from 1980 to 1998, and Table 2.5 shows a comparison between automobiles 
and 2-wheeler motor cycles per 1,000 persons for 1980 to 1998 in Indonesia, Malaysia, Taiwan 
and Thailand respectively. 
Table 2.4 – GDP per capita ($US, current prices) in Indonesia, Malaysia, Taiwan and Thailand for 1980 to 1998 
  1980 1985 1990 1995 1998 
Indonesia 
Malaysia 
Taiwan 
Thailand 
586 
1,780 
2,326 
696 
559 
1,989 
3,223 
752 
637 
2,464 
7,880 
1,521 
1,038 
4,446 
12,134 
2,815 
461 
3,411 
11,816 
1,823 
Source: IMF (2001). 
Table 2.5 - Comparison of automobiles and motor cycles per 1,000 persons in Indonesia, Malaysia, Taiwan and Thailand –
1980 to 1998 
Indonesia Malaysia  Taiwan  Thailand  Year 
Autos M-
Cycles 
Autos M-
Cycles 
Autos M-
Cycles 
Autos M-
Cycles 
1980  4.2   51.9 92.9      8.8 18.1 
1985    29.8   146.1    11.1  
1990  7.3  33.9 104.5 174.9 113.2  415.7 14.4 85.6 
1995  10.4  46.6 131.2   181.9 399.8  24.2 154.4 
1998  13.1  59.4 168.1 233.2 207.4 497.4  34.5 203.8 
Source: IRF (1973 to 2002), UN (1975 to 2001). 
In each of these countries, it is clear that motor cycle ownership significantly exceeds automobile 
ownership, and this is most prominent in Thailand where it was a factor of 5.9 times higher in 
1998.  It is thus apparent from this early examination of the literature that development of any 
model of private motorised mobility must take into account the significance of motor cycles in 
providing private transportation, especially in newly industrialising countries.  Growth rates in 
motor cycle ownership between 1980 and 1998 ranged from 5.3% to 13.5% while automobile 
ownership growth rates were between 6.3% and 7.5%. 
While automobiles and 2-wheeler motor cycles per 1,000 persons is an acceptable measure of 
vehicle ownership, annual passenger vehicle kilometres of travel (VKT) or its per capita (VKT per   22 
capita) equivalent is used by many commentators as a more appropriate measure of personal 
mobility and in particular as a measure of the degree of automobile dependence in cities (Newman 
and Kenworthy, 1989; Pucher and Lefèvre, 1996; USDoT, 1997; Pickrell and Schimek, 1998; 
Kenworthy et al., 1999 and WBCSD, 2001).  For example, Giuliano and Gillespie (1997) in 
researching the causes of changes in personal mobility compare values of annual automobile VKT 
per capita for the United States with a series of European countries.  The implications of their 
work are discussed later in this chapter. 
Figure 2.5 shows the annual average automobile VKT per capita for the regions of the United 
States, Europe, Asia-Pacific, Africa and South America (see Table 2.2 for the countries used to 
characterise these regions). 
Figure 2.5– Annual average automobile VKT per capita for selected World regions - 1970 to 1999. 
 
Note: The gap in data for some regions. 
Source: IRF (1973 to 2002), UN (1975 to 2001), USDoT (1970 to 2003). 
The dominance of the United States automobile usage compared to other regions in the world is clear, and the relative 
positions of Europe, Asia-Pacific, Africa and South America parallel their regional position for annual average 
automobiles per 1,000 persons (see Figure 2.1).  Africa and South America show marginal upward trends in their values 
of automobile VKT per capita, while the United States, Europe and Asia-Pacific show a steady increase over the period 
shown.  A percent rate of growth for these regions, United States, Europe, Asia-Pacific, Africa and South America, 
between 1970 and 1995 is 0.8%, 3.5%, 2.7%, 2.1% and 5.1% respectively.  While Europe and Asia-Pacific show a slight 
flattening in their respective automobile ownership after 1995, this is not translated into a flattening of automobile use, 
suggesting that each automobile is being driven farther on an annual basis.  The absolute values of VKT per capita in the 
Asia-Pacific region are strongly influenced by Australia’s average annual automobile VKT per capita as shown in Table 
2.6, but the overall growth rate for the region is being driven more by the other countries. 
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Table 2.6 – Influence of Australia’s automobile VKT per capita in the Asia-Pacific region – 1970 to 1999 
Country  1970 1975 1980 1985 1990 1995 1999 
Australia 
Hong Kong 
Japan 
Singapore 
South Korea 
Thailand 
5,054 
363 
1,166 
760 
49 
83 
6,031 
459 
1,578 
5,812 
347 
2,067 
710 
75 
109 
6,201 
646 
2,412 
1,260 
154 
155 
6,653 
493 
2,961 
1,864 
274 
276 
6,953 
589 
3,323 
2,150 
550 
568 
7,153 
 
3,815 
Source: Ingram and Liu (1998), IRF (1973 to 2002), UN (1975 to 2001). 
The increasing growth of automobile VKT per capita in the Asia-Pacific region from 1980 through 
1995 is more than likely associated with the expansion of many Asian economies over this period 
and the influence of increased affluence on automobile ownership and use (Vasconcellos, 1997; 
Schafer, 1998; Cullinane, 2002; Lam and Tan, 2002). 
Following from this regional perspective, Figure 2.6 and Figure 2.7 show the average annual 
automobile VKT per capita for a selected series of more developed and less developed countries 
from 1970 to 1999 respectively.  The nations selected are identical to the automobile ownership 
graphs shown in Figure 2.2 and Figure 2.4. 
Figure 2.6 – Annual average automobile VKT per capita for selected more developed countries - 1970 to 1999. 
 
 
Source: IRF (1973 to 2002), UN (1975 to 2001), USDoT (2003). 
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Figure 2.7 - Annual average automobile VKT per capita for selected less developed countries - 1970 to 1999. 
 
Note: The gap in data for some countries. 
Source: IRF (1973 to 2002), UN (1975 to 2001), USDoT (2003). 
 
There are very significant differences in the average annual automobile VKT per capita both 
between the more developed and less developed countries shown in Figures 2.6 and 2.7 and within 
each group of cities.  The gap between less developed and more developed is however closing.  In 
1980 the annual automobile VKT per capita in USA was approximately 72 times that of Thailand, 
whereas in 1995 the difference had reduced to 15 times.  Vasconcellos (1997) argues that the 
middle class of many less developed countries has experienced a period of increased affluence, 
and an automobile is perceived by the middle classes as essential to perform their desired daily 
activities. 
In summary, over the last three to four decades there has been a significant movement of people to 
urban settlements and this process continues apace.  Global urbanisation shows an unevenness 
across both more developed and less developed nations, but projections suggest that there will be 
about 60% of the total global population living in urban settlements by the year 2025 (UNCHS, 
1996).  In parallel with this process of urbanisation there appears to be in the regions of the United 
States, Europe, Asia-Pacific, Africa and South America an increase in both automobiles per 1,000 
persons and automobile VKT per capita from 1970 to 1999.  There is every reason to expect that 
this general picture would be true for other regions of the world not covered by the data reviewed 
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here.  Understanding what determines the level of private motorised mobility at any particular time 
and into the future is thus becoming of greater significance throughout the world.  In a very 
practical sense, being able to reliably model private motorised mobility in cities will enable 
decision makers to understand better where they are heading in terms of this critical factor and 
what they may be able to do to better manage it. 
2.3  Population, urbanisation and automobiles: a city perspective 
This section examines the development of relationships between population, urbanisation and 
automobiles at a city level in order to begin an exploration of what are the fundamental measures 
that drive private motorised mobility or automobile dependence at the urban level.  In this thesis 
automobile dependence means “when a city or area of a city assumes automobile use as the 
dominant imperative in its decisions on transportation, infrastructure, and land use.  Other modes 
thus become increasingly peripheral, marginal, or nonexistent until there are no real options for 
passenger travel other than the automobile” (Newman and Kenworthy, 1999:334).  Since the 
trajectory in most cities over the last 40-years has been towards greater automobile dependence, 
the terms private motorised mobility and automobile dependence are often used interchaneably in 
this thesis. 
The world’s cities contain some elements of an archetype walking, transit and automobile city.  
Newman and Kenworthy (1996) describe the archetype ‘automobile city’ as one that has a low 
urban density of about 10 to 20 persons per hectare, where essential services and employment are 
decentralised and dispersed from a central core to the outer or edge suburbs.  Suburbanisation has 
spread the city to the limits of comfortable automobile commuting.  The automobile city has 
suburbs beyond a 40 to 50km radius from the central core and it is in these cities that public transit 
is struggling to compete. 
In contrast there are many cities in the world today that retain much stronger elements of previous 
eras in the evolution of urban transport systems.  For example, the ‘transit city’ which became 
dominant in the industralised world between about 1850 and 1940 built extensive tram and rail 
systems that are still strongly evident in many European cities.  Likewise, the very dense, compact 
and mixed land-use walking city, which basically characterised all world cities up to around 1850, 
is still prevalent in many cities in Africa, the Middle East, China and other parts of Asia.   
Certainly, in the core areas of an enormous number of cities many of them pedestrianised, the old 
walking city is still visible as a distinct entity.  Thomson (1977) highlights some of these 
differences in the levels of motorisation of cities around the world in his seminal book Great Cities   26 
and Their Traffic.  Thomson emphasised that no real cities conform exactly to any of the 
archetypes that were identified by five land-use and transport strategies as “strong centre”, “weak 
centre”, “full motorisation”, “low cost” and “traffic limitation”.  The “full motorisation” strategy, 
which is of particular interest to this section, was identified as an extensive automobile dependent 
archetype.  Thomson describes this archetype as a city that has a less significant central business 
district than other strategies, highly dispersed employment locations and uniformly very low 
residential densities.  Its road transport infrastructure is built around a grid system of freeways, 
arterial or major distributor roads and minor distributor roads all of which are dedicated to the 
free-flow movement of automobiles between all parts of the city.  Buses plying the city’s major 
distributor roads provide alternative motorised mobility, while non-motorised mobility finds it 
difficult to compete with all forms of motorised transport.  Typical examples are Los Angeles, 
Detroit, Denver and Salt Lake City. 
A series of 36 cities is selected from North America, Europe and the Asia-Pacific regions to 
develop this examination of broad relationships between population, urbanisation and automobile 
ownership and use at the city level between 1970 and 1995.  The cities selected as characteristic of 
these regions are shown in Table 2.7, while Table 2.8 shows a selection of these cities classified by 
Thomson’s (1977) five land-use and transport strategies. 
Table 2.7 – Cities selected to characterise North American, European and Asia-Pacific regions - 1970 and 1995. 
Region City 
North 
America 
 
 
Europe 
 
 
Asia-Pacific 
 
Chicago, Denver, Houston, Los Angeles, New York, Phoenix, San Diego, San Francisco, 
Washington, Calgary, Montreal, Ottawa, Toronto, Vancouver. 
 
Amsterdam, Brussels, Copenhagen, Frankfurt, Hamburg, London, Munich, Paris, 
Stockholm, Vienna, Zurich. 
 
Brisbane, Melbourne, Perth, Sydney, Hong Kong, Singapore, Tokyo, Bangkok, Jakarta, 
Kuala Lumpur, Manila. 
Source: Kenworthy et al., (1999), Kenworthy and Laube, (2001). 
 
Table 2.8 – A selection of cities from Table 2.7 characterise into one of Thomson’s (1977)  five strategies 
Thomson’s five land-use and transport strategy categories 
Strong centre  Weak centre  Full motorisation  Low cost  Traffic limitation 
Hamburg, Paris, 
New York, Sydney, 
Tokyo, Toronto 
Chicago, Copenhagen, 
Melbourne,  
San Francisco 
Denver, Detroit,  
Los Angeles 
Manila  London, Hong Kong, 
Singapore, 
Stockholm, Vienna 
Source: Thomson (1977). 
It can be seen from Table 2.8, that the sample of cities used in the present study covers all the 
archetypal city forms developed by Thomson to classify the transport systems of all world cities.   27 
The following two parts consider metropolitan population, metropolitan population density, annual 
average automobiles per 1,000 persons and automobile VKT per capita for the 36 cities selected in 
Table 2.8 and these data are shown in Table 2.9 together with regional averages for United States, 
Canada, North America, Europe, Australia, Asia developed and developing. 
At a national level it appears that growth in total population living in urban settlements is 
associated with a pattern of increasing numbers of automobiles per 1,000 persons.  In this broad 
city level exploration of the literature, metropolitan population and metropolitan population 
density are examined as potential measures that may drive private motorised mobility at the urban 
level. 
In this first part, while metropolitan population growth rates are mostly passed their peak in 
relatively high-income more developed regions, rapid population growth is occurring in cities of 
less developed regions (OECD/ECMT, 1995; ADB, 2000; World Bank, 2000).  Secondly, while 
total metropolitan population identifies some of the likely characteristics of a city, metropolitan 
urbanised land area defines the physical size of a city and allows meaningful standardised 
comparisons to be made between cities, particularly metropolitan density measures.  In general 
terms, cities in North America and Australia are considered to have low metropolitan population 
densities, and European cities exhibit medium population densities while, cities in less developed 
regions such as parts of the Asia-Pacific are regarded as having high urban population densities.  
Most higher income cities in Asia such as Hong Kong, Singapore, and Japanese cities, also have 
higher metropolitan population densities. 
The metropolitan population, metropolitan population density, annual average automobiles per 
1,000 persons and automobile VKT per capita in 1970 and 1995 of the cities shown in Table 2.8 
are shown in Table 2.9.  As well, 1970 and 1995 averages are shown as generally representative of 
cities in the United States, Canada, North America, Europe, Australia, Asia more developed and 
Asia less developed. 
Throughout this thesis extensive use is made of data collected through the period from 1980 to 
2000 by Newman, Kenworthy and Laube et al. on demography, employment, land-use, 
transportation infrastructure and the use of different transport in cities.  These data have been 
progressively and widely published since the mid-1980s in books, and a very large number of 
academic publications in a wide range of planning, transport and policy journals and a globally 
distributed CD-ROM data base (Newman and Kenworthy, 1989; Kenworthy et al., 1999; 
Newman and Kenworthy, 1999 and Kenworthy and Laube, 2001).  These data are widely   28 
recognised as being the most authoritative and carefully checked and validated set of urban 
transport and land-use data available.  As the thesis places strong reliance on these data, it is 
important to remove any suggestion of criticism or inadequancy in the data for the purposes it has 
been used in this thesis. 
There have been several major attacks on the work of Newman, Kenworthy et al..  Gordon and 
Richardson (1989) roundly criticised the work on policy grounds but this was answered in detail 
in Newman and Kenworthy (1992).  Kirwan (1992) made similar criticisms and again this was 
addressed in comprehensive detail in Newman et al. (1995).  Brindle (1994) questioned the 
validity of statistical analyses undertaken using the Newman and Kenworthy data set suggesting 
they had introduced spurious correlation.  Evill (1995) independently examined the issue as a 
professional statistician and concluded that their procedures “actually removed spurious 
correlation.” 
In summary, the use of these extensive urban data in the modelling in this thesis is supported by a 
twenty-year history of scrutiny of the data and analyses in the academic literature and answering 
of all major criticisms that have emerged. 
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Table 2.9 - Metropolitan population, population density, automobiles per 1,000 persons and automobile VKT per capita for 
cities in Table 2.7 for 1970 and 1995 
Metro popln 
millions 
Population density 
Persons per sqkm 
Annual average 
    Auto per 1,000 
pers 
VKT per capita 
City 
1970 1995  1970  1995  1970  1995  1970 1995 
United States 
Chicago 
Denver 
Houston 
Los Angeles 
New York 
Phoenix 
San Diego 
San Francisco 
Washington 
USA average 
 
Canada 
Calgary 
Montreal 
Ottawa 
Toronto 
Vancouver 
Canadian average 
 
North American av. 
 
Europe 
Amsterdam 
Brussels 
Copenhagen 
Frankfurt 
Hamburg 
London 
Munich 
Paris 
Stockholm 
Vienna 
Zurich 
European average 
 
Australia 
Brisbane 
Melbourne 
Perth 
Sydney 
Australian average 
 
Asia developed 
Hong Kong 
Singapore 
Tokyo 
Asia devd average 
 
Asia developing 
Bangkok 
Jakarta 
Kuala Lumpur 
Manila 
Asia devg average 
 
6.7146 
1.0473 
1.6779 
7.0419 
18.7316 
0.8634 
1.1983 
2.9879 
2.4815 
4.7494 
 
 
0.4033 
2.7432 
0.6334 
2.9103 
1.0283 
1.5437 
 
3.6045 
 
 
0.8315 
1.0751 
1.7526 
0.6698 
1.7938 
7.4523 
1.3118 
9.2460 
1.4767 
1.6148 
0.7918 
2.5469 
 
 
0.8678 
2.5035 
0.7032 
2.8078 
1.7206 
 
 
3.9366 
2.0745 
21.4710 
9.1607 
 
 
3.0750 
4.7614 
1.4523 
3.9667 
3.3139 
 
7.5233 
1.9846 
3.9181 
9.0779 
19.2274 
2.5261 
2.6267 
3.8379 
3.7739 
6.0551 
 
 
0.7671 
3.2241 
0.9725 
4.6289 
1.8987 
2.2983 
 
4.7134 
 
 
0.8315 
0.9481 
1.7395 
0.6532 
1.7079 
7.0071 
1.3243 
11.0043 
1.7258 
1.5926 
0.7857 
2.6655 
 
 
1.4889 
3.1381 
1.2443 
3.7413 
2.4032 
 
 
6.3110 
2.9865 
32.3427 
13.8801 
 
 
6.6850 
9.1610 
3.7739 
9.4472 
7.2668 
 
2,030.15 
1,380.09 
1,201.90 
2,500.00 
2,258.72 
859.13 
1,214.36 
1,693.99 
1,935.56 
1,674.88 
 
 
2,498.27 
3,903.26 
3,491.97 
3,050.58 
2,157.93 
3,020.40 
 
2,155.42 
 
 
6,416.39 
9,111.32 
3,341.59 
7,456.59 
5,748.56 
6,162.13 
6,822.33 
6,172.02 
2,270.80 
1,935.56 
5,826.06 
5,569.39 
 
 
1,126.99 
1,811.00 
1,218.00 
1,917.99 
1,518.50 
 
 
33,304.8 
9,270.71 
7,477.15 
16,684.2 
 
 
16,739.3 
17,789.7 
15,197.8 
18,364.3 
17,022.8 
 
1,681.05 
1,512.12 
881.86 
2,410.80 
1,804.17 
1,039.70 
1,454.81 
1,661.43 
1,433.01 
1,542.11 
 
 
2,084.40 
3,170.17 
3,126.06 
2,553.32 
2,161.23 
2,619.04 
 
1,926.72 
 
 
5,702.62 
7,239.23 
2,848.77 
4,763.66 
3,838.71 
5,906.68 
5,566.00 
4,761.68 
2,659.10 
1,433.01 
4,427.22 
4,467.88 
 
 
959.18 
1,367.84 
1,089.61 
1,893.35 
1,327.19 
 
 
32,035.5 
9,353.27 
8,768.26 
16,719.0 
 
 
13,869.3 
17,339.9 
5,784.91 
20,637.3 
14,407.9 
 
391.0 
522.7 
476.8 
521.2 
348.2 
499.1 
474.6 
487.9 
400.9 
458.1 
 
 
409.7 
248.9 
369.7 
358.2 
401.7 
357.6 
 
422.2 
 
 
210.0 
262.3 
199.5 
280.0 
241.4 
222.6 
261.8 
255.6 
274.7 
213.9 
253.9 
243.2 
 
 
294.3 
295.3 
356.9 
306.5 
313.3 
 
 
26.9 
68.7 
105.1 
66.9 
 
 
53.9 
21.7 
72.2 
37.6 
46.4 
 
573.0 
629.7 
693.3 
527.4 
444.0 
530.6 
555.1 
599.6 
572.8 
569.5 
 
 
703.0 
429.1 
531.6 
464.4 
519.7 
529.6 
 
555.2 
 
 
322.6 
454.0 
275.3 
451.3 
418.2 
331.9 
469.4 
418.0 
386.0 
372.9 
462.4 
396.5 
 
 
596.4 
593.7 
658.1 
515.6 
590.9 
 
 
46.5 
116.3 
306.8 
156.5 
 
 
249.1 
90.9 
208.7 
82.4 
157.8 
 
5,769 
6,933 
8,257 
7,850 
4,864 
8,864 
7,971 
7,999 
5,671 
7,131 
 
 
3,445 
 
 
 
 
 
 
 
 
 
2,073 
2,918 
3,069 
3,500 
3,477 
1,855 
2,678 
1,703 
3,260 
 
 
 
 
 
3,788 
4,228 
5,224 
4,489 
4,432 
 
 
181 
760 
1,143 
595 
 
 
365 
168 
1,220 
 
 
 
10,062 
11,465 
17,110 
12,388 
8,107 
11,352 
13,399 
12,772 
11,681 
12,037 
 
 
8,237 
5,427 
6,029 
5,493 
6,746 
6,386 
 
10,019 
 
 
3,909 
4,072 
4,672 
5,246 
5,094 
4,114 
4,548 
3,936 
5,041 
4,064 
5,372 
4,552 
 
 
7,756 
7,649 
8,260 
6,945 
7,653 
 
 
589 
2,150 
2,715 
1,818 
 
 
3,184 
1,324 
4,602 
1,074 
2,546   30 
 
Note: The gaps in some data as values are not available. 
Source: Kenworthy et al., (1999), Kenworthy and Laube (2001). 
An examination of data presented in Table 2.9 shows that between 1970 and 1995 the selected 
cities in higher income regions of North America, Australia and the Asia-Pacific, for the most part 
display moderate increases in the total number of people living in their metropolitan areas.  There 
are exceptions, such as Hong Kong and Tokyo which show considerable metropolitan population 
growth during this 25-year period.  In seven of the eleven selected European cities there is a 
decrease in the total number of people living in their metropolitan areas between 1970 and 1995.  
This process of disurbanisation in old European cities is well documented in the works of Klaassen 
et al. (1981) and van den Berg et al. (1987).  By contrast, Bangkok, Jakarta, Kuala Lumpur and 
Manila in the less developed Asia-Pacific region display at least a doubling of the total number of 
people living in their metropolitan areas between 1970 and 1995. 
The downward trend in metropolitan population density in most cities in the sample has potential 
implications for the growth in private motorised mobility that has characterised the 1970 to 1995 
period in virtually all countries and cities.  On the other hand, cities where densities have risen 
may be in a better position to manage their private motorised mobility.  In 27 of the selected 
sample of 36 cities, shown in Table 2.9, there is a decline in metropolitan population density 
between 1970 and 1995.  In all 36 cities there is increased automobile ownership and use between 
1970 and 1995. 
An examination of the 36 cities in Table 2.9 shows large differences in the annual average number 
of automobiles per 1,000 persons and automobile VKT per capita in 1970 and 1995.  As the 
authors from which the data are taken have claimed, there appears to be a relationship between 
cities with low densities and cities with higher levels of automobile ownership and use in both 
1970 and 1995.  There is considerable evidence in the literature to support a relationship between 
metropolitan density and transport patterns, which is explored more fully later in this chapter.  In 
summary, automobile ownership and automobile usage levels are increasing rapidly in cities 
throughout the world.  Furthermore, amongst this sample of 36 cities, there appears to be a 
relationship between metropolitan population density and automobiles per 1,000 persons and 
automobile VKT per capita for the period 1970 to 1995.  This trend towards increasing private 
motorised mobility in cities needs to be better understood since it has major implications for cities 
whether they are located in the United States, in a newly industrialising country or in a very poor 
region of the world yet to experience rapid economic growth.   31 
In a study by the OECD (1995) entitled Urban Travel and Sustainable Development, an 
examination is made of automobile ownership and use in 132 cities deemed as representative of 
the various cities in the OECD’s member states.  The data shows that in 1990 automobile 
ownership ranged from a low of 42 per 1,000 in Bursa, Turkey, to a maximum of 644 per 1,000 in 
Phoenix, USA.  In terms of these trends, “in 1970, 57 per cent of cities had below 0.2 cars per 
persons, by 1990 only 3 per cent were below this level.  For levels of 0.4 cars per persons and 
above, the percentage of cities has increased from 9 in 1970 to 45 in 1990.” (OECD and ECMT, 
1995:166).  This OECD study does not provide equivalent values of automobile VKT per capita 
for its 132 cities, however this study does note that “[o]ver the last 20 years or so, overall car 
travel (car-km) in OECD countries has been growing at 3.3 per cent p.a., slightly under the rate of 
car ownership (3.5 per cent p.a.) but faster than the growth in GDP (2.8 per cent p.a.).” (OECD 
and ECMT, 1995:44). 
This broad part of the review concludes generally that, as a city’s density declines, private 
motorised mobility increases.  However, there may be others measures that mitigate against this 
generalisation that will be discussed throughout the thesis. 
2.4  Population, urbanisation and automobiles: a household perspective 
This section presents a very brief general statement on relationships between population, 
urbanisation and automobiles at the household level as they relate to private motorised mobility.  
In the period 1970 to 1995 households, particularly in more developed regions, have undergone 
significant changes in their demographic structure, wealth (income) and particularly in household 
members’ personal transportation patterns and behaviour (Steiner, 1994; OECD, 1995; Golob et 
al., 1996; Schimek, 1996; Giuliano, 1999). 
The literature suggests that the level of private motorised mobility for households located in well-
developed economies is generally linked to a number of measures.  Households in these 
economies will increase their motorised mobility with an increase in the numbers of persons per 
household, an increasing household income, and an increase in the number of workers per 
household (OECD, 1995; UNCHS, 1996; Giuliano and Gillespie, 1999; Hunt et al., 2000; Dargay, 
2001; Gray et al., 2001; Miller and Shalaby, 2001).  Willoughby (2000) describes the spread of 
automobile ownership, essentially at the household level, as still at relatively early stages in the 
large majority of developing and transition economies, particularly in those whose national 
automobile ownership is less than 100 automobiles per 1,000 persons.   32 
In a selection of 17 cities, shown in Table 2.10, the average number of people per household in 
higher income cities has declined from an average of 3.10 to an average of 1.74 between 1970 and 
1995.  While the number of people per household in cities located in less developed regions has 
not decreased in this 25-years period, but appears to be maintained between 3.0 to 6.5 (UNCHS, 
1996; World Resources, 1996). 
Table 2.10 – Households in selected cities of North America, Europe and Asia-Pacific regions - 1970 and 1995. 
Region City 
North America 
 
Europe 
 
Asia-Pacific 
 
Denver, Edmonton, New York, San Francisco, Calgary, Toronto, Vancouver. 
 
Amsterdam, Copenhagen, Hamburg, London, Munich, Stockholm. 
 
Perth, Sydney, Hong Kong, Singapore. 
For these selected developed cities, despite falling household sizes, households have increased 
their average number of automobiles from 0.54 to 1.76 (Purvis, 1994; UNCHS, 1996; DETR, 
1997; Shalaby, 1998; Cities of Calgary, Hamburg, Munich and Stockholm, 2001).  Also as a 
general observation, the number of households that did not own or have access to an automobile 
declined between 1970 and 1995 (Purvis, 1994; Pedersen and Fisker, 1998; USDoT, 1999; 
Parsons et al., 2000). 
Thus the broad evidence suggests that in households located in more developed countries, their 
private mobility is associated with household size, the level of its income and how many workers 
are in the household.  From a broad perspective, the private mobility of households in less 
developed countries is not as well defined. However, these circumstances change rapidly in newly 
industralising countries (Cracknell, 2000; WBCSD, 2001). 
In summary, this broad perspective has shown a considerable unevenness and disparity in 
population, urbanisation and automobile ownership and use at a national, city and household level.  
The evidence so far has opened a number of pathways to a more comprehensive literature review 
of what constitutes the current underlying measures that drive private motorised mobility at a 
national, city and household level.   33 
2.5  What are the measures that drive private motorised mobility at the 
national, city and household level? 
2.5.1 Introduction 
To date, there has been an absence of studies that deliver a comprehensive review of the 
interactions between transportation, land-use and related urban development measures that drive 
automobile dependence or private motorised mobility.  In brief, at the national level several major 
investigations support the position that per capita income is the most important determinant of 
automobile dependence and that automobile ownership and use grows continuously as per capita 
income rises (Ingram and Liu, 1999; Dargay and Gately, 1999).  However, this is modified by both 
groups of researchers indicating that the relationship is not continuous, that is, at high-income 
levels some flattening occurs. 
At a city level however, automobile dependence is currently described by a variety of “physical” 
measures rather than having a universally accepted definition or pathway towards inevitable 
increase.  Newman and Kenworthy (1989), Kenworthy and Laube (1999), Litman (1999 and 2002) 
assert that city level automobile dependence is promoted by a cumulative effect of economic, 
transportation and land-use measures occurring with different degrees of influence depending on 
individual city characteristics.  A common thread amongst these and other researchers is an 
assertion that no single measure drives automobile dependence, as it is more likely to be a number 
of measures acting in mutual combination.  Stokes and Hallett (1990), together with several other 
researchers, support a view that personal urban travel behaviour is the result of a complex 
synthesis of cultural, technological, demographic, economic and geographic measures.  Measures 
affecting automobile dependence at the household level meanwhile appear to be associated with a 
household’s changing demographic structure, increasing income and access to a growing number 
of automobiles (Steiner, 1994; Schimek, 1996; Hunt et al., 2000). 
At a national, city and household level there are clearly a variety of measures that researchers 
consider impact upon private motorised mobility.  This literature review must establish a clear 
understanding of the fundamental underlying measures to be incorporated in a model that predicts 
private motorised mobility to a high degree of statistically reliability.  The success of this model 
will require this review to examine the measures at a national, city and household level in a series 
of more developed and less developed regions and countries.   34 
The following review examines a variety of measures identified in the literature as being important 
in determining private motorised mobility.  Each measure is considered for its application or 
relevance at a national, city and household level.  Income particularly is given very thorough 
examination because of the preponderance of material that has been written about its effects on 
motorisation. 
2.5.2  Per capita income: a measure that drives private motorised mobility 
The structure of this section is to firstly, probe the current body of academic and professional 
literature to ascertain, analyse and discuss the influence of per capita income on private motorised 
mobility at the national, city and household level.  Secondly, the thesis will extend this literature 
by conducting a series of examinations on this measure from current comparable data that was 
created by the combination of data from independent sources.  At present there is an array of 
disjointed data on per capita income and private motorised mobility factors that have not 
previously been drawn together.  If this independent analysis can show a consistent relationship 
between per capita income and private motorised mobility this would strengthen much of the 
current literature’s claim that a particular measure drives private motorised mobility. 
This first part will explore, at the three levels, the relationship between per capita income and 
automobile ownership and use this relationship to develop an understanding on whether per capita 
income is a driver of this critical measure which underpins motorisation and private motorised 
mobility.  In this thesis, a standard table of per capita Gross Domestic Product (GDP) for 1970 to 
2001 from the International Monetary Fund is used to describe per capita income as GDP per 
capita at the national level (IMF, 2001).  Also in this review, automobile ownership is standardised 
to the annual average number of automobiles per 1,000 persons and automobile use to annual 
average automobile vehicle kilometres of travel (VKT) per capita. 
National level perspective on income and automobile ownership and use 
First at a national level, the World Bank has published a series of papers by Ingram and Liu (1997, 
1998 and 1999).  These papers describe, examine and analyse population, land-use, economic and 
transportation infrastructure measures that may drive private motorised mobility in a large 
selection of both more developed and less developed countries.  Ingram and Liu (1999) explore 
how per capita income may be used to examine variations in motor vehicle (cars, trucks and buses) 
ownership at the national level.  There is naturally a wide disparity in the per capita income 
measure in the selected countries, for example, in 1990 the difference in GDP per capita between   35 
Malawi and Switzerland was $US209 and $US34,041 (IMF, 2001).  Because most motor vehicles 
are purchased by individuals, households, or firms and are privately owned, Ingram and Liu 
(1999:7-9) assert that per capita income is perhaps the most important economic variable that 
determines the level of motor vehicle ownership, and that the share of passenger cars in the motor 
vehicle fleet increases with income. 
The results of Ingram and Liu’s (1999) analysis of a selection of 50 more developed and less 
developed countries in 1970, 1980 and 1990 does strongly suggest that per capita income is the 
main determinant of increases in the number of motor vehicles per 1,000 persons at a national 
level.  The analysis also indicates that disparity is evident in this relationship as motor vehicle 
ownership increases slowly at low per capita income levels, and more rapidly as per capita income 
rises.  However, the relationship finally slows down, as there are other measures that mitigate the 
indefinite growth of this relationship such as population density, demographic variables and road 
density (Spencer and Madhavan, 1989; Lave, 1992; Ingram and Liu, 1999; Dargay and Gately, 
1999; Schipper et al., 2001). 
As this review places particular emphasis on defining the measures that drive automobile 
ownership, an independent data set of automobiles per 1,000 persons and GDP per capita is 
created for a selection of 36 of the 50 countries used by Ingram and Liu (1998 and 1999) for 1970 
and 1998.  These data were analysed to gauge if a claim could be mounted for a relationship 
between automobiles per 1,000 persons and GDP per capita at the national level.  The data for this 
independent data set was taken from a number of independent sources including Kenworthy et al. 
(1999), IRF (1973 to 2002), UN (1979 to 2001) and IMF (2001).  The selection criterion for each 
country in this independent data set was that all relevant data were available for both 1970 and 
1998.  The 1970 GDP per capita values for the 36 selected countries were converted to constant 
1998 United States dollars ($US) by a procedure suggested by the United States Department of 
Labor, Bureau of Labor Statistics (2003). 
Figure 2.8 shows a relationship between automobiles per 1,000 persons and GDP per capita, at 
constant $US, in 1970 and 1998 for the 36 selected countries.  A line of best fit for each data set is 
shown in Figure 2.8 and data are shown in Appendices 4 and 5. 
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Figure 2.8 – GDP/capita and automobiles per 1,000 for a selection of 36 more developed and less developed countries - 
1970 and 1998 
 
Note: The 1970 and 1998 data sets have an optimised R
2 of 0.861 and 0.827 respectively and both are statistically 
significant at the ≤0.05 level. 
Source: Beyer (1974), Kenworthy et al. (1999), IMF (2001), IRF (1973 to 2002), UN (1975 to 2001), USDL (2003). 
This independent data set of 36 selected more and less developed countries, as shown in Figure 
2.8, explores the comment by Ingram and Liu (1999:9) “ that the share of passenger cars in the 
motor vehicle fleet increases with income.”  As stated, this comment is not decisive in its claim 
that GDP per capita drives automobile ownership and as such requires further examination.  This 
analysis clearly demonstrates that there is a strong relationship between increasing GDP per capita 
and the number of automobiles per 1,000 persons across a selection of 36 more and less developed 
countries.  Although Ingram and Liu (1999) do not directly claim a historical growth in motor 
vehicle ownership as per capita income increases, it is apparent from the data presented in their 
paper.  The results from this independent data set clearly show that a relationship between 
increasing GDP per capita and automobiles per 1,000 persons is maintained across the selected 
countries over the investigation period, 1970 to 1998.  In summary, this independent analysis 
strengthens and develops the argument of Ingram and Liu (1999) and claims that GDP per capita is 
a measure that drives automobile ownership and thus private motorised mobility at the national 
level. 
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As part of this research, an independent data set was created to probe a similar relationship for 22 
of the current 25-member states in the Organisation for Economic Co-Operation and Development 
(OECD) for 1980 and 1990.  The following countries were not included due to lack of data in both 
1980 and 1990: Iceland, Ireland and Luxembourg.  In the OECD member states there are wide 
differences between cultures, transportation infrastructure, personal travel modes, wealth and 
economic development.  The OECD’s importance to the world’s economy can be gauged by the 
numerous reports on and studies of its economic wealth and industrial development and as such 
gives a barometer of world performance.  Although the overall OECD increase in personal income 
in real terms was 2 to 3% a year between 1970 and 1991, there are large differences in per capita 
incomes between the member states.  For example, Turkey’s and Switzerland’s GDP per capita in 
1990 were $US2,682 and $US34,041 respectively (IMF, 2001).  Nevertheless, throughout the last 
three decades of the 1970’s to 1990’s, people living in the OECD have enjoyed continuous 
improvements in their living standards and purchasing power (OECD and ECMT, 1995). 
Figure 2.9 shows the results of the above analysis, graphing GDP per capita against automobile 
per 1,000 persons in 22-member states of the OECD for 1980 and 1990.  Although there is an 
overlap in the countries selected for Figure 2.8 and Figure 2.9 the essence of this analysis was to 
assess the claim of a consistent historical relationship between GDP per capita and automobiles 
per 1,000 person between 1970 and 1998.  The GDP per capita values shown in Figure 2.9 are 
quoted as constant $US in 1990.  A line of best fit for each data set is shown in Figure 2.9 and data 
shown in Appendices 4 and 5. 
 
 
 
 
 
 
 
 
 
 
   38 
Figure 2.9 – GDP/capita and automobiles per 1,000 in a selection of 22 OECD member states for 1980 and 1990. 
 
Note: The 1980 and 1990 data sets have an optimised R
2 of 0.764 and 0.851 respectively and both are statistically 
significant at the ≤0.05 level. 
Source: Beyer (1974), IRF (1973 to 2002), IMF (2001), UN (1975 to 2001), USDoT (1970 to 2003), USDL (2003). 
The result of this independent analysis of 22-OECD member states maintains the strength of the 
relationship between GDP per capita and automobile ownership found in the previous analysis.  
This analysis together with that shown in Figure 2.8 clearly demonstrates the historical consistency 
of a relationship between GDP per capita and automobile ownership over the investigation period 
from 1970 to 1998.  It is likely, based on this evidence, that this relationship would hold beyond 
1998 and that it is consistent across both more and less developed countries.  In concert with the 
previous analyses, this analysis consolidates the current literature’s assertion that GDP per capita 
is a measure that appears to drive national levels of automobile ownership and, by inference, 
private motorised mobility at the national level. 
Dargay and Gately (1999) explore and analyse a relationship between the measure per capita 
income and car and vehicle ownership in a selection of 26 more developed and less developed 
countries for 1970 and 1992.  In this paper the term vehicle is not defined and assumed after 
comparison with other data sets used in this thesis to be total vehicles that comprise cars, trucks 
and buses.  The selected countries are randomly spread at different levels of economic 
development, from the lowest (China, India and Pakistan) to the highest (Japan, Europe and the 
United States).  Although there is significant overlap in the countries examined here compared to 
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those examined earlier, 22 countries overlap the 36 countries selected for Figure 2.8, Dargay and 
Gately extend the analysis into the development of a sophisticated predictive car and vehicle 
ownership model.  This model is capable of estimating future separate vehicle or car ownership in 
each country and distinguishes between a number of measures influencing car and total vehicle 
ownership at the national and city level as discussed below. 
Dargay and Gately (1999) support Ingram and Liu’s (1999) position that per capita income drives 
increases in motor vehicle ownership stating that “[t]he growth in car and vehicle ownership is 
explained solely as a function of per capita income.” (p102).  After analysis of their ownership 
model they further state that “[w]e can observe the clear relationship between ownership and 
income levels: as income levels increase, car and vehicle ownership increase.” (p109). 
Although Ingram and Liu (1999) do not directly claim a historical growth in passenger car 
ownership as per capita income increases, it is apparent from the data presented in their paper.  In 
probing the historical relationship between per capita income and car and vehicle ownership 
Dargay and Gately (1999) state that “there exists a historical relationship between the growth of 
per capita income and the growth of car and vehicle ownership.” (p128). 
However, in a more cautionary vein Dargay and Gately (1999) offer the following observation: “A 
more complex model might well incorporate the effects of other variables that influence the 
growth of car and vehicle ownership.” (p131).  They go on to suggest that these variables 
(measures in terms of this thesis) are: fixed and variable costs; population demographics especially 
age grouping as well as its gender ratio structure; population density for urbanised areas and the 
density of their road networks. 
In developing this cautionary vein further, particularly in the context of the continuous growth of 
motor vehicle and car ownership with rising per capita income, both Ingram and Liu (1999) and 
Dargay and Gately (1999) allude to a position that there is not indefinite growth in that 
relationship.  Ingram and Liu state that “ motor vehicle ownership in high-income countries will 
increase at a declining rate with per capita income growth and eventually stop increasing when a 
saturation level is reached.” (p12).  They also state that the “estimated ownership saturation levels 
for fifty countries (under a “business as usual” scenario) at 770 passenger cars and 1,180 total 
motor vehicles per thousand people, ”(p12).  Dargay and Gately support this position by stating 
that “[s]aturation is reached at different income levels for different countries.” and that “[t]he 
estimated saturation level are 0.62 cars and 0.85 vehicles per capita.  As expected, the saturation   40 
rate is higher for vehicles than for cars, and suggests a saturation of ‘other vehicles’ of 0.23 per 
capita.” (p116). 
Other researchers such as Schafer and Victor (1997), Litman (1999), Dargay (2001), Schipper and 
Céline (2001) and Schipper et al. (2001) support the findings of Ingram and Liu (1999) and 
Dargay and Gately (1999) regarding the positive relationship between GDP per capita and 
automobiles per 1,000 persons and in particular that this relationship, albeit at various levels, holds 
across both more developed and less developed countries at the national level. 
It appears at this early stage in the review, that the literature, although strongly supporting the 
influence of wealth, is adopting a position that not one isolated or solitary measure is capable of 
driving private motorised mobility and that cities may have different factors to consider compared 
to countries.  The literature appears to be converging on the position that automobile ownership, 
hence private motorised mobility may be a cumulative effect of several measures, although 
different authors may disagree on which factors are the most dominant or most important 
(Newman and Kenworthy, 1989; Dargay and Gately, 1999; Kenworthy and Laube, 1999; Litman, 
1999 and 2002).  These statements are of considerable importance in the development of a model 
of private motorised mobility. 
Increase in incomes drives not just automobile ownership, but also travel expectations and demand 
across both more developed and less developed countries.  As people earn more income, they can 
afford faster mechanised travel, and travel further in a shorter period-of-time.  Generally, people 
tend to increase the distances they travel roughly in proportion to increases in their incomes, 
particularly as they start to access faster transportation modes (Levinson and Kumar, 1995; 
Schafer and Victor, 1997; Adams, 1999; Litman, 1999).  This pattern has been remarkably 
constant in all areas of the world over the last 50 years, ranging from regions with an average 
annual per capita income as low as $500 and up to $20,000 (Gannon and Liu, 1997; USDoT, 
1997; WBSCD, 2001).  Historically, personal income and traffic volumes have grown in tandem. 
So far the literature review has only canvassed automobile ownership and its relationship to 
income.  However, the key factor in private motorised mobility is the distance travelled in 
automobiles, which is not necessarily proportional to automobile ownership in every set of 
circumstances.  This section begins an analysis of the distance travelled in automobiles and its 
relationship to income.  The literature uses the preferred term automobile kilometres of travel 
(VKT) per capita for the distance travelled in automobiles or, in the case of the United States 
literature, vehicle miles of travel (VMT).  In undertaking research into automobile use at the   41 
national level, values of annual passenger vehicle kilometres of travel, or the other commonly used 
term in the literature, traffic volume, is not consistently available for every year and every country 
(IRF, 1973 to 2002; Pucher and Lefèvre, 1996). 
Ingram and Liu (1997) acknowledge that motor vehicle ownership and use increase with income, 
while Schipper et al. (2001) suggests that automobile VKT is rising with per capita income 
because of a parallel relationship between per capita income and automobile ownership.  Giuliano 
(1999) supports the notion that in more developed countries: “More car ownership means more car 
use, annual vehicle-kilometres travelled has increased at about the same rate as car ownership.” 
(p5).  In giving further support for this position, Schafer and Victor (1997), OECD (1997) and 
Schafer (1998) all comment on a positive relationship between rising per capita income and 
automobile VKT per capita.  Gomez Ibañez (1991) is another contributor to this debate, 
particularly at the city level, when he notes that rising income may be the root cause of much of 
the growth in automobile dependence through its direct effects on automobile use. 
Figure 2.10 draws on a series of independent data sets constructed by the author from the literature 
to show a relationship between increasing automobiles per 1,000 persons and consequential 
increases in automobile VKT per capita for a selection of 19 more and less developed countries for 
1975 and 1995 (see Table 2.2).  A line of best fit for each data set is shown in Figure 2.10 and data 
are shown in Appendices 4 and 5. 
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Figure 2.10 – Annual average automobiles per 1,000 persons and automobile VKT per capita for a selection of 19 more 
developed and less developed countries – 1975 and 1995 
 
Note: The 1975 and 1995 data sets have an optimised R
2 of 0.965 and 0.928 respectively and both are statistically 
significant at the ≤0.05 level. 
Source: Beyer (1974), IRF (1973 to 2002), UN (1975 to 2001). 
This independent analysis based on data from disparate sources supports the literature’s claims of 
a relationship between increasing numbers of automobiles per 1,000 persons and increasing 
automobile VKT per capita.  Furthermore, there is a historical linkage in the relationship shown 
through a sustained relationship across both 1970 and 1995.  Also the analysis shows there is 
positive support for a strong relationship, that is, that as automobile ownership increases there is 
an increase in automobile use.  Also this analysis suggests that this relationship is consistent for 
both more and less developed countries. 
The literature identifies huge differences in automobile ownership at the national level.  It is 
necessary to identify key measures that drive automobile VKT per capita and hence private 
motorised mobility when exploring the variation in automobile use between countries and regions.  
An independent data set was created for the annual average automobile VKT per capita from the 
following regions: the United States, Europe, Asia-Pacific, Africa and South America from 1970 
to 1995 and shown in Figure 2.11 (see Table 2.2 for countries) and data shown in Appendices 4 
and 5. 
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Figure 2.11 – Annual average automobile VKT per capita for selected World regions - 1970 to 1995 
 
Note gaps in data sets for Asia Pacific and South America. 
Source: ABS (1986 to 2001), IRF (1973 to 2002), Pucher and Lefèvre (1996), UN (1975 to 2001), USDoT (1970 to 
2003). 
These data suggest that there is a parallel regional trend in automobiles per 1,000 persons (shown 
in Figure 2.1) and automobile VKT per capita shown in Figure 2.11 from 1970 to 1995.  These 
data from a variety of sources appear to support Giuliano’s (1999) position that “[m]ore car 
ownership means more car use ”.  Analysis of Figure 2.1 in combination with Figure 2.10 and 
Figure 2.11 suggests that a similar relationship can be drawn for Europe, Asia-Pacific, Africa and 
South America from 1970 to 1995.  In the development of a model of private motorised mobility, 
it is important to have a clear understanding of this relationship between increasing automobile 
ownership and use across time and between countries, along with variations in per capita income. 
The following material examines a series of independent data sets created from a wide selection of 
24 more and less developed countries per capita income and automobile VKT data for 1970 and 
1995.  The countries range from Kenya with a GDP per capita of $US518 and 49 automobile VKT 
per capita in 1970 to the United States with a GDP per capita of $US28,160 and 8,810 automobile 
VKT per capita in 1995.  A positive analysis of a relationship between GDP per capita and 
automobile VKT per capita would support similar findings to those reported in the literature.  As 
well, such an analysis would show whether this relationship is sustained across time and holds 
between countries that display wide variations in per capita income at the national level.  Figure 
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2.12 shows the results of this independent analysis.  A line of best fit is shown for 1970 and 1995 
and data are shown in Appendices 4 and 5. 
Figure 2.12 – GDP per capita and automobile VKT per capita for a selection of 24 more and less countries – 1970 and 1995 
 
Note: The 1970 and 1995 data sets have an optimised R
2 of 0.774 and 0.839 respectively and both are statistically 
significant at the ≤0.05 level. 
Source: ABS (1982 to 2003), Beyer (1974), IRF (1973 to 2002), UN (1975 to 2001), USDoT (1970 to 2003), USDL 
(2003). 
The next stage in furthering an understanding of this relationship was an analysis of an 
independent data set of per capita income and automobile use for 24 OECD member states.  Figure 
2.13 shows the results of this independent analysis for 1970 and 1995 and data shown in 
Appendices 4 and 5 and a line of best fit is shown for the 1970 and 1995. 
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Figure 2.13 – GDP per capita and automobile VKT per capita for a selection of 24 OECD member states – 1970 and 1995 
 
Note: The 1970 and 1995 data sets have an optimised R
2 of 0.859 and 0.779 respectively and both are statistically 
significant at the ≤0.05 level.  No data is available for Iceland. 
Source: ABS (1986 to 2001), Beyer (1974), IMF (2001), IRF (1973 to 2002), Pucher and Lefèvre (1996), UN (1979 to 
2001), USDoT (1970 to 2003), USDL (2003). 
The results from analysing these independent data sets from a wide range of sources, that have not 
been previously drawn together support the literature’s claims of a positive relationship between 
car use and per capita income expressed as automobile VKT per capita and GDP per capita 
respectively.  This analysis also extends the knowledge in the literature’s understanding by 
showing that this relationship was sustained in a historical sense and that it was relevant between 
countries with wide disparities in their cultural, geographic, economic and ethnic backgrounds. 
In summary, at this early stage the current literature and extra analyses drawn from data found in 
the literature, appear to support GDP per capita as a measure that drives automobile ownership per 
1,000 persons and automobile kilometres of travel per capita at the national level.  As well, results 
from an analysis of both the current literature and a series of independent data sets developed by 
the author demonstrate that the positive statistical relationship is sustained historically and across 
the many disparities that exist between both more and less developed countries. 
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City level perspectives on per capita income and private motorised mobility 
The second major section of this review explores the literature on per capita income in relation to 
private motorised mobility at the city level.  Firstly, a broad overview is presented that describes 
three prominent urban research studies on the demographics, economics, urban form, 
transportation modes and transportation networks of a wide selection of world cities (Newman and 
Kenworthy, 1989; Kenworthy et al., 1999; Kenworthy and Laube, 2001).  An important aspect is 
the historical nature of the data collected, over several decades from the 1960s to the 1990s, that 
allows researchers to undertake time-series trend analysis on a large variety of robust data.  The 
importance of these comprehensive urban studies is that they have encouraged further research, 
and through the development of new methodologies of collecting and standardisation of data, they 
have allowed examination of cross-city macro-level indicators or measures that drive a city’s 
automobile dependence. 
These studies collected vast quantities demographic, economic, urban form, and transportation 
data from a wide selection of cities in more developed and less developed countries from 1960 to 
1995.  In developing a model that predicts private motorised mobility it is essential to gain a clear 
understanding of these data and their relationships to private motorised mobility. 
The following discussion provides a brief outline of three urban studies that bring together the data 
just described.  First, a study by Newman and Kenworthy (1989) collected these data from a 
selection of 32 cities in Australia, North America, Europe and wealthy parts of Asia between 1960 
and 1980 and published them in ‘Cities and Automobile Dependence, An International 
Sourcebook’.  The importance of this study was that it provided a somewhat groundbreaking 
quantitative examination and analysis of a series of urban measures that offer insights into urban 
automobile dependence.  These researchers describe a series of bivariate linear regressions 
between a variety of physical factors and private passenger vehicle ownership and use in cities.  
The changes suggested to assist in lowering automobile dependence in cities were to increase their 
land use intensity, orientate their transportation infrastructure more to public transport, walking 
and bicycling; strengthen their degree of centralisation; expand public transport; services and 
restrain high-speed traffic flows. 
The second study of 46 international cities from 1960 to 1990 by Kenworthy et al. (1999), 
updated and expanded the initial work of Newman and Kenworthy (1989) into a series of lower 
income cities in South-East and East Asia.  It also improved the understanding of economic 
measures that may help to explain automobile dependence.  The study suggests that, while being   47 
important, economic measures such as per capita income, may not be as important or robust in 
explaining the level of automobile dependence in cities as other more physical measures noted in 
the earlier work. 
The third major urban research study was the ‘Millennium Cities Database for Sustainable 
Transport’ (Kenworthy and Laube, 2001).  This study presents a comprehensive collection of city 
level data in 1995-1996 from a selection of 100 cities in the United States, Australia and New 
Zealand, Canada, Western Europe, Asia (high and low-income cities), Eastern Europe, the Middle 
East, Latin America, Africa and China (Kenworthy and Laube, 2001).  A doubling of cities 
together with a more extensive data set especially greatly expanded economic data and a broader 
geographical coverage, provides an ideal platform to further examine relationships between a wide 
variety of urban factors and automobile ownership and use at the city level.  The urban data from 
more developed and less developed countries reveals a vast difference in the use of all 
transportation modes between cities, including private automobiles, motorcycles, taxis and shared 
taxis, public transport modes and walking and bicycling.  The Millennium Cities study, while 
enhancing and broadening the findings of the previous two urban studies, again relies on bivariate 
linear regression analyses to establish statistical relationships between the various factors.  One 
difference is that, this time, the authors fitted the best-fit curves to their regressions (linear, 
logarithmic, exponential or power functions).  This study delivers a series of similar findings, but 
importantly develops these findings in cities with a wider disparity in all facets of population, 
wealth, urban form and transportation modes.  In part, it asserts that wealth (GDP per capita) does 
not alone provide a consistent or satisfactory measure capable of explaining urban automobile 
dependence. 
These three urban studies are essential to this thesis, not only because of the comprehensive and 
wide ranging nature of the data they contain, but more importantly in the standardised data 
collection methodologies and procedures used that allow direct comparisons between cities and 
across time.  The data sets in each study were compiled by the study authors who visited most 
study cities at least once, a uniform definition of terms was applied through a data methodology 
handbook and strict data quality control and cross checking procedures were implemented 
(Kenworthy et al., 1999:9-15).  No data were accepted into the data set without rigorous reality 
checking against other relevant factors or results from other similar cities.  Much incorrect data 
were found and returned to suppliers in each city for clarification and correction. 
The recent urban studies described here strongly suggest that, unlike the national level analyses 
where per capita income seems to be very dominant, automobile dependence is not driven by a   48 
sole measure, but by a number of measures mutually acting in combination.  After an investigation 
of what determines automobile dependence in the urban environment of Boston, USA, Zhang’s 
(2002) contribution to this premise was to conclude that measures do not act alone in driving 
automobile dependence.  Zhang notes that Boston’s suburban population shows an overwhelming 
dependence on private automobiles for their daily activities.  He also notes that the factors driving 
automobile dependence were a combination of complex and diverse factors that vary among and 
within differing sectors of Boston’s population.  For example, automobile dependence appeared to 
be influenced by a combination of per capita income and residential location.  This study revealed 
that lower income drivers were more dependent on automobiles than the higher income drivers 
because their jobs demand frequent and flexible travel typically in the non-peak hours when public 
transportation services, if any, are less likely to be available.  Another important factor driving this 
high level of automobile dependence was the configuration of Boston’s alternative transport 
routes.  This transportation pattern was predominantly radial between the suburbs and the 
downtown or city centre.  As there was no viable non-automobile alternative transportation 
available for suburb-to-suburb travel, Boston’s population had no other means of travelling than in 
their automobiles. 
Litman (1999 and 2002) also makes a significant contribution to the literature by proposing that 
no single measure drives automobile dependence, but that private motorised mobility levels result 
from various cumulative effects of transportation systems and land-use patterns.  These measures 
tend to be mutually supportive or synergistic, so it is generally inappropriate to consider any one 
measure as the prime cause of automobile dependence.  Litman’s (2002) measures associated with 
automobile dependence are shown in Table 2.11. 
Table 2.11 – Litman’s measures that drive and qualify automobile dependence at the city level 
Qualifier of automobile dependence  Measure Description 
Low Medium  High 
Vehicle 
ownership 
 
Per capita motor 
vehicle ownership 
(per 1,000 persons) 
Less than 250 per 
1,000 person 
250 to 450  Plus 450 
Vehicle use  Per capita annual 
motor vehicle mileage 
(VMT) 
 
Less than 4,000 
miles (6,500 km) 
4,000-8,000 miles 
(6,500 to 13,000 
km) 
8,000 Plus 
(13,000 km) 
Vehicle trips  Automobile trips as a 
portion of total 
personal trips 
 
Less than 50%  50 to 80%  Plus 80% 
Quality of 
alternatives 
Convenience, speed, 
comfort, affordability 
and prestige of 
walking, cycling and 
public transit relative 
to driving 
 
Alternative modes 
are of competitive 
quality 
Alternative modes 
are somewhat 
inferior 
Alternative 
modes are 
very inferior   49 
Relative mobility 
of non-drivers 
Mobility of personal 
travel by non-drivers 
compared with 
drivers 
Non-drivers are 
not severely 
disadvantaged 
 
Non-drivers are 
moderately 
disadvantaged 
Non-drivers 
are severely 
disadvantaged 
Market 
distortions 
favouring 
automobile use 
Relative advantage 
provided to 
automobiles over 
other modes from 
planning, funding, tax 
policy etc 
Minimal bias 
favouring 
automobile travel 
Moderate bias 
favouring 
automobile travel 
Significant 
bias favouring 
automobile 
travel 
Source: Litman (2002). 
Table 2.11 provides a summary of the measures that Litman identified as drivers of automobile 
dependence.  One of Litman’s premises is that automobile dependence is a matter of degree.  The 
move from low through to high automobile dependence is qualified by a change in impact of the 
measure, and it appears that several measures need to act in combination for this change to occur. 
The preceding overview describes a series of relationships between automobile ownership and use 
and a variety of other factors.  In the main, the factors were a city’s demographic structure, its 
economics (per capita income) and its urban form.  However, automobile ownership and use 
should not be considered as being solely driven by a combination of such factors.  Factors such as 
culture, status, image, symbolism and gender and other socio-economic variables also contribute 
to the picture, though many of these are much more difficult to specify or utilise at a macro-city 
level (Stokes and Hallett, 1990; Stokes et al., 1991; OECD, 1996 and 1997; Pucher and Lefèvre, 
1996; Battelle; 2000).  It is also a fact that automobile dependence is often ‘enforced’ by the lack 
of quality alternatives to the automobile, as suggested in Table 2.11.  In this environment, people 
generally see automobiles as providing independence with personal advantages of immediate 
convenience, increased personal security and control over their personal mobility (Goodwin, 1995; 
Gray et al., 2001). 
City level per capita income and its influence on private motorised mobility 
This section undertakes an in-depth analysis of per capita income and describes its relationship 
with automobile ownership and use at the city level.  The literature at the national level supports a 
qualified relationship between increasing GDP per capita and an increase in automobile ownership 
and use across a wide selection of more developed and less developed countries.  In developing a 
model that is capable of predicting private motorised mobility in any world city to a high degree of 
statistical reliability, this relationship needs to be investigated in detail at a city level. 
Newman and Kenworthy (1989), Kenworthy et al. (1999) and Kenworthy and Laube (2001) as 
previously noted, were cautiously and only very weakly supportive of this relationship, but appear   50 
not to differentiate any variation in this relationship between cities in more developed and less 
developed countries.  Schimek (1996), Giuliano (1999) and Gilbert (2000) have investigated and 
described a relationship as existing between per capita income and automobile ownership and use, 
but that per capita income alone may not automatically drive private motorised mobility in more 
developed cities.  These views differ widely from those of Ingram and Liu (1999:2) who state in 
relation to motor vehicles (cars, trucks and buses): “ … this paper confirms that income is a strong 
determinant of vehicle ownership at both the country and city level, and that both national and 
urban motor vehicle ownership increase at about the same rate as income.”  It would appear from 
this literature that income, expressed as urban GDP per capita has some influence on private urban 
motorised mobility, but that it acts in combination with other measures that are outlined in later 
sections. 
In less developed cities, Gannon and Liu (1997), Gakenheimer (1999), Vasconcellos (1999) and 
Cracknell (2000) describe how a series of rapid changes in urban population, economics and urban 
form patterns lead to pressure on all modes of personal mobility and increased journey lengths.  
These researchers indicate that the overall growth behaviour, especially in personal income, was 
highly volatile.  This volatility can often lead to ‘boom and bust’ scenarios for private vehicle 
ownership, either motor cycles or automobiles.  Thus, under these circumstances, there was only 
cautious support for a relationship between GDP per capita and increased private vehicle 
ownership.  In a study of less developed Asian cities in Malaysia and Thailand, Barter (1998) 
investigated evidence of this relationship between the late 1980s and 1990s describing it as highly 
variable, as small income increases can lead to rapid surges in passenger vehicle ownership. 
Figure 2.14 shows the relationship between GDP per capita and automobiles per 1,000 persons for 
a selection of 31 more developed and less developed cities for 1990 and 1995.  Both data sets 
show this relationship for 27 more developed cities from the regions of North America, Europe, 
Australia and Asia and 4 cities from the less developed South-East Asia region (Kenworthy et al., 
1999; Kenworthy and Laube, 2001).  The GDP per capita values are shown as constant 1995 $US 
(USDL, 2003).  The data are shown in Appendices 4 and 5 and in Figure 2.14 a line of best fit is 
shown for 1990 and 1995. 
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Figure 2.14 – GDP per capita and automobiles per 1,000 persons for a selection of 31 more and less developed cities for 
1990 and 1995 
 
Note: The 1990 and 1995 data sets have an optimised R
2 of 0.500 and 0.327 respectively and both are statistically 
significant at the ≤0.05 level respectively. 
Source: Beyer (1974), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The wide data scatter in Figure 2.14 is emphasised in a comparison of several individual city 
values for 1990 and 1995, as shown in Table 2.12. 
Table 2.12 – Comparison of automobiles per 1,000 in cities with similar GDP per capita ($US) for 1990 and 1995 
 1990  1995 
Cities GDP/capita  ($US)  Auto/1,000 Cities GDP/capita  ($US)  Auto/1,000 
Bangkok 
Kuala Lumpur 
 
London 
Detroit 
 
Copenhagen 
Brussels 
 
Munich 
Tokyo 
3,826 
4,066 
 
22,215 
22,538 
 
29,900 
30,087 
 
36,255 
36,953 
198.5 
170.2 
 
347.6 
693.4 
 
283.0 
428.2 
 
468.2 
225.0 
Bangkok 
Kuala Lumpur 
 
Brisbane 
Taipei 
 
Sydney 
Hong Kong 
 
Copenhagen 
San Francisco 
 
6,316 
6,991 
 
15,036 
15,491 
 
22,397 
22,969 
 
37,058 
37,154 
 
249.1 
208.7 
 
596.4 
175.2 
 
515.6 
46.5 
 
275.3 
599.6 
 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
Table 2.12 shows significant variation in automobiles per 1,000 persons amongst a variety of cities 
with similar values of GDP per capita in 1990 and 1995.  So whilst there is a statistically positive 
relationship in these data between GDP per capita and automobile ownership, the scatter and 
inconsistency in the results are the reason behind the already noted cautious and relatively weak 
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support given by Newman and Kenworthy for the idea that wealth drives automobile dependence.  
There are thus relatively sufficient grounds to support a position that urban automobile ownership 
may not be solely driven by GDP per capita. 
This section of the review now turns to the key factor in private motorised mobility at the city 
level, the distance travelled in automobiles, and analyses the relationship between GDP per capita 
and automobile kilometres of travel (VKT) per capita.  An OECD (1995) study that reviews urban 
travel and the problems associated with its growth in OECD cities discusses a large number of 
factors that represent major influences on urban travel, such as changing urban and household 
structure, rising incomes, and decentralisation of employment and commercial activities.  This 
three-year study provides an account of changes in these factors and their relationship with urban 
travel in the OECD by analysing the transportation environment of 132 cities in 20 of its member 
states.  The study describes how rising personal income underpins an increase in automobile 
ownership and use at the city level within the OECD.  The study states that 
“Over the last 20-years or so, overall car travel (car-km) in OECD countries has been growing 
at 3.3 per cent p.a., slightly under the rate for car ownership (3.5 per cent p.a.), but faster than 
the growth in GDP (2.8 per cent p.a.).  While the growth rates in car ownership have been 
fairly similar in most OECD countries the intensity with which cars are used has varied.” 
(OECD & ECMT, 1995:44). 
An independent analysis of a selection of 31 OECD cities between 1970 and 1990 supports this 
claim, showing that the average growth rate in automobile VKT per capita was 2.3% and this 
value varied from 1.1% (Canberra) to 4.2% (Calgary) (Kenworthy et al., 1999).  The OECD study 
further notes that “[e]ven households with only one salary-earner enjoyed substantial increases in 
purchasing power in the two decades to 1992.” (OECD & ECMT, 1995:33).  Pucher and Lefèvre 
(1996:21) in their study of the urban transport crisis in North America and Europe state that “[t]he 
main reason for increased car ownership and use throughout the world is income growth, ”.   
Further support comes from Ingram and Liu (1997 and 1999) claiming that this relationship is 
statistically the most significant among the explanatory measures that explain increased motor 
vehicle use. 
Overall, these comments give credibility to the influence of rising personal income and its 
relationship with increased automobile VKT per capita, at least within OECD cities.  Schimek’s 
(1996) analysis of the United States’ National Personal Transportation Survey (NPTS) for 1990 
notes that there was a positive relationship between per capita income and annual passenger 
vehicle VKT in the cities in this survey.  Kitamura et al. (1994), Giuliano and Gillespie (1997),   53 
Dargay (2001) and Polk (2001) in their analysis of urban level data also support a positive 
statistical relationship between rising incomes and increased automobile use. 
In examining trends in women’s travel patterns in the United States, Rosenbloom (1996) observes 
that the annual kilometres driven by women rose markedly between 1983 and 1990.  Rosenbloom 
interprets this increase as reflecting changes in America’s national demographic structure and 
particularly the growth of women in the labour market, which is claimed to equate with women’s 
increased per capita income.  However, Rosenbloom adds that all of this increased income was not 
necessarily spent on personal motorised mobility.  In a Swedish study to clarify the variation in 
gender travel patterns, Polk (2001) indicates that Swedish women on average travel fewer 
kilometres by car than Swedish males on a daily basis and that income is a controlling factor of 
their travel behaviour. 
In a study of automobile ownership and especially automobile usage in four European cities for 
the European Commission, Wickham (1999a) asserts that dependence on an automobile, at least as 
far as the journey-to-work is concerned, cannot be explained either by a city’s wealth or 
population density.  Wickham’s assessment was based on an analysis of travel behaviour data 
from 1990 in the cities of Athens, Dublin, Bologna and Helsinki.  An important feature of the 
study of these four European cities was that all the urban transportation and land-use data was 
collected according to procedures used by Kenworthy et al. (1999).  On the basis of the results 
from this analysis, Wickham asserts that for these four cities the level of automobile use (measured 
in terms of automobile ownership and extent to which travel to work is by automobile) was more a 
function of: 
•  the extent and form of the road network 
•  the maintenance of pre-existing public transport systems and the development of new forms 
of mass transit 
•  city planning, especially land planning and housing zoning policies. 
In reviewing the relationship between income per capita and automobile use in less developed 
cities, Cracknell (2000) comments that “[p]arallel growth in city economies and in household and 
personal income leads to increased travel demand, increased car ownership and increased car use.” 
(p5).  Further in this World Bank study, Cracknell comments that in developing countries their 
capital cities have much higher incomes and automobile ownership rates than the national average.  
Throughout this study there are strong inferences that personal wealth has a large bearing on 
automobile use and as such the work lends positive support for this relationship and the influence 
of GDP per capita on automobile use in less developed cities.   54 
Kenworthy et al. (1999) and Kenworthy and Laube (2001) provide a selection of 31 cities for 1990 
and 1995 from the regions of North America, Europe, Australia and Asia that allows a detailed 
analysis of the relationship between GDP per capita and automobile VKT per capita.  Table 2.13 
shows values of these factors for a selection of 14 more and less developed cities from each region 
for 1990 and 1995. 
Table 2.13 – Comparison of GDP/capita and automobile VKT/capita in a selection of North American, European, Australian 
and Asian cities - 1990 and 1995 
1990 1995  City 
GDP/capita 
actual 1990 
$US 
GDP/capita 
constant 
1995 $US 
Automobile 
VKT per 
capita 
GDP/capita 
actual 1995 
$US 
Automobile 
VKT per 
capita 
Amsterdam 
Copenhagen 
Stockholm 
Zurich 
 
Los Angeles 
Phoenix 
San Francisco 
Toronto 
 
Brisbane 
Perth 
 
Singapore 
Tokyo 
 
Bangkok 
Jakarta 
 
25,211 
29,900 
33,235 
44,845 
 
24,894 
20,555 
31,143 
22,572 
 
18,737 
17,697 
 
12,939 
36,953 
 
3,826 
1,508 
 
29,396 
34,863 
38,752 
52,289 
 
29,026 
23,967 
36,313 
26,319 
 
21,847 
20,635 
 
15,087 
43,087 
 
4,461 
1,758 
 
3,977 
4,558 
4,434 
5,197 
 
11,587 
11,608 
11,933 
5,680 
 
6,467 
7,203 
 
1,864 
2,103 
 
1,514 
523 
 
28,322 
37,058 
33,438 
50,188 
 
28,243 
26,920 
37,154 
19,456 
 
15,036 
21,995 
 
28,578 
45,425 
 
6,316 
1,861 
 
3,909 
4,672 
5,041 
5,372 
 
12,388 
11,352 
12,772 
5,493 
 
7,756 
8,260 
 
2,150 
2,715 
 
3,184 
1,324 
 
 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001), USDL (2003). 
The European cities in Table 2.13 show considerable variation in GDP per capita for both 1990 
and 1995 while during the same period their automobile VKT per capita values have remained 
reasonably consistent.  The North American cities, on the other hand, with generally lower values 
of GDP per capita than the European cities consistently exhibit values of automobile VKT per 
capita about double the values in the selected European cities.  The exception is Toronto, a 
Canadian city with an automobile VKT per capita value comparable to all of the selected 
European cities.  In 1990 and 1995 there are cities which particularly stand-out because of their 
inconsistent patterns of wealth and automobile use.  For example, in 1990 and 1995 Amsterdam 
and Los Angeles have GDP per capita values within $US300, but in these years their automobile 
VKT per capita varies by about 3 times.  Similar comments can be made about Copenhagen and 
San Francisco.  The data for Singapore and Tokyo also highlight an inconsistent relationship 
between GDP per capita and automobile use, with Tokyo having 1.6 times greater GDP but only 
1.3 times greater automobile use in 1995 than Singapore.   55 
Figure 2.15 shows the relationship between GDP per capita and automobile VKT per capita for the 
same set of 31 cities analysed previously for automobile ownership in Figure 2.14.  The data taken 
from Kenwothy et al., (1999) and Kenworthy and Laube (2001) are shown in Appendices 4 and 5. 
Figure 2.15 – GDP/capita and automobile VKT per capita for a selection of 31 more and less developed cities 1990 and 1995. 
 
Note: 1990 and 1995 data sets have an optimised R
2 of 0.500 and 0.217 respectively and both are statistically significant 
at the ≤0.05 level. 
Source: Beyer (1974), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The wide scatter in the relationship depicted in Figure 2.15 shows a similar pattern to the 
relationship between GDP per capita and automobile ownership (see Figure 2.14) with many cities 
having similar GDP per capita but vastly different automobile use.  The results of this analysis of 
data from Kenworthy et al. (1999) and Kenworthy and Laube (2001) support a position noted in 
the literature that rising values of GDP per capita do not automatically or necessarily increase 
automobile use at the city level.  From the literature it appears that GDP per capita does exerts 
some influence on automobile use, but that at the city level in both more and less developed 
countries, GDP per capita acts in combination with a number of other factors yet to be reviewed in 
determining the magnitude of private motorised mobility in any particular city. 
In summary, this literature review indicates that GDP per capita is a measure that has some 
influence on automobile ownership and use at the city level in both more and less developed 
countries.  However, the strength of this relationship is not clear-cut, as an analysis of per capita 
income and automobile use data from a wide selection of cities in more and less developed 
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countries shows that there is considerable disparity in this relationship.  These analyses also 
indicate that this relationship, whatever its robustness, was sustained historically across the period 
of the investigation.  This section suggests that GDP per capita has some influence on, but is not a 
sole driver of, automobile ownership and use or private motorised mobility.  GDP per capita 
appears to act in combination with others factors to drive private motorised mobility at the city 
level. 
Household level income and its influence on automobile ownership 
This third major section continues the literature review and examines the relationship between 
income per household and private motorised mobility at the household level.  One of the most 
consistent findings in the literature was support for a position that, as income per household 
increased, so did the number and use of automobiles per household.  Steiner (1994) comments, in 
a wide ranging literature review of residential density and travel patterns, that households with 
higher incomes are more likely to own an automobile.  After a detailed analysis of America’s 1995 
Nationwide Personal Travel Survey (NPTS), Niemeier et al. (2001) found that, not surprisingly, 
ownership of automobiles, households in the highest household income category, that is greater 
than $US38,860, own 62% of the automobiles and 69% of the SUVs and light duty-pick-ups.  
Households in the lowest household income group, that is less than $US14,510, owned 9% of the 
automobiles and 5% of the SUVs and light duty-pick-ups. 
Schimek (1996) was more forthright after an analysis of the United States’ 1990 Nationwide 
Personal Transportation Survey (NPTS), concluding that one of the most important statistical 
determinants of the number of automobiles per household was household income.  Schimek (p123) 
quantifies this relationship for the USA, stating that “[e]ach 1% increase in household income is 
associated with a 0.41% increase in the number of cars per household.”  Giuliano and Gillespie 
(1997) show during a period of sustained affluence by American households, that in 1960 an 
estimated 21% of all households did not have a car, whereas by 1990 this value had dropped to 
11%.  They note that “[m]ajor explanatory factors for the rise of automobile ownership and use 
included increased affluence, ”. (p166).  The average number of vehicles per household in 
America according to the US Department of Transport (1970 to 2003) increased between 1970 and 
2000 from 1.63 to 2.03 vehicles (automobiles and other 2-axle 4-wheelers that include SUVs and 
light-duty pick-ups).  During this period, American households experienced sustained increases in 
their overall wealth, and particularly in the last 15-years (1985 to 2000) the average household 
income rose from $US45,607 to $US58,730 (constant $US, 2001).  These data support a general   57 
notion that, in America, increasing household income has been paralleled by an increase in the 
number of vehicles per household. 
Table 2.14 shows a selection of household data for the United States.  The data have been drawn 
together from several independent sources by the author to analyse this relationship from 1985 to 
2000.  Table 2.14 shows a breakdown of American household data over this period: 
•  annual average household income $US actual year 
•  annual average income $US at constant $US for 2001 
•  number of automobiles per household 
•  number of other 2-axle 4-wheeler passenger vehicles (sports utilities and light-duty pick-ups) 
per household 
•  total number of all 4-wheeler passenger vehicles per household. 
 
Table 2.14 – Annual average income and number of vehicles (types) per household for the USA 1985 to 2000 
per household 
measure 
1985 1990 1995 1996 1998 1999 2000 
Income $US  45,607  49,121  51,835 52,934 56,240 58,254 58,730 
Automobiles 1.474  1.432  1.297 1.302 1.286 1.275 1.276 
Other  4-wheeler  0.429 0.517 0.664 0.694 0.696 0.725 0.755 
All  4-wheeler  1.903 1.949 1.961 1.996 1.982 2.000 2.031 
Note: Household income at constant $US 2001. 
Source: USDoT (1970 to 2003), US Census Bureau (2002), USDL (2003). 
The popularity of the sports utility (SUV) vehicle and light-duty pick-ups for personal 
transportation has radically changed the composition of the private passenger vehicle fleet in the 
United States (Golob et al., 1996; Niemeier et al., 2001).  Table 2.14 shows a gradual decline in 
the number of automobiles per household from 1.47 to 1.28 from 1985 to 2000.  An increasing 
household ownership of other 2-axle 4-wheeled vehicles (SUVs and light-duty pick-ups) from 
0.43 to 0.76, over the same time, contrasts the decline in automobiles.  This overall vehicle 
ownership pattern is comparable with national level trends for the United States over the same 
period, as shown in Figure 2.3 and discussed in associated sections. 
Assessing automobile ownership per household, Dargay (2001:807) comments from a broad 
perspective, “It is well established that income is a primary impetus to car ownership and that 
increasing real income in the 20
th century has allowed car ownership to flourish in more developed 
countries and recently in less developed countries.”  In relation to households in the United 
Kingdom (UK) Dargay states that “ in 1950 less than 14% of households had regular access to a 
car, today the figure has risen to about 70%.” (p808) and further proposes that rising incomes 
make it easier for households to own a car, although there was a time-series unevenness in this 
relationship (Dargay, 2001).  A series of Transport Statistics Bulletins corroborate Dargay’s 
findings for the UK showing a steady increase in the average number of automobiles per   58 
household over the last 15-years from 0.82 in 1985 to 1.05 in 2000 (DETR, 1999 and 2001).  Gray 
et al. (2001) demonstrate the importance of household income in rural Scotland where increasing 
income per household was a major factor in the number and use of automobiles per household.  
The study also suggests that, while these ownership values are high by comparison to other regions 
in Scotland, they may be explained by the isolation of Scotland’s rural communities where other 
transportation modes are extremely limited or non-existent (Goodwin, 1995; Gray et al., 2001). 
In London, a varying growth of household income and in the number of automobiles per 
household between 1991 and 2000 is shown in Table 2.15 (London Transport Statistics, 1997; 
National Statistics, 2000).  The data in Table 2.15 are drawn together by the author from several 
independent sources for the purpose of this analysis.  The values of household income are given in 
constant United Kingdom pounds (£UK) at 1996 prices for the years 1980 to 2000. 
Table 2.15 – Changes in household income and automobiles per household for London – 1991 to 2000 
  1980 1991 1993 1995 1997 2000 
Av. household income £UK  £18,250 £22,200 £23,800 £24,200 £25,100 £24,960 
No. automobiles per household 0.72 0.82 0.78 0.79 0.76 0.88 
Note: Household income in constant £UK 1996. 
Source: DETR (1997), DETR (2001), National Statistics (2000). 
Over the period, 1980 to 2000, London’s household income has increased at a rate of 1.6% while 
the rate of increase in the number of automobiles per household was 1.0%.  Under these 
circumstances household income appears to have an influence on a London household’s ownership 
of an automobile. 
Lawton (2001) concludes from a survey of urban travel patterns in Portland, Oregon, that 
automobile ownership was dependent on household income.  A similar household travel survey 
conducted in the Edmonton region during the fall of 1994 as part of that city’s Transportation 
Master Plan has shown that as the annual average household income ranged from under 
$CAN15,000 to greater than $CAN60,000, the number of automobiles per household increased 
from 0.77 to 2.23 (City of Edmonton, 1995).  A study of the changes in regional travel 
characteristics for the San Francisco Bay Region from 1960 to 1990 describes a relationship 
between household income and the number of automobiles per household.  Purvis (1994) reports 
that for San Francisco in 1960 the average household income was $US9,400 and the average 
number of automobiles per household was 1.12 and by 1990 these values had increased to 
$US52,100 and 1.76 respectively ($US at 1989, Table 1 Purvis, 1994). 
At the household level several independent data sets have been dawn together by the author to 
examine this relationship in three major European cities.  The values of this relationship for   59 
households in Copenhagen, Munich and Stockholm between 1981 and 2000 are shown in Table 
2.16. 
Table 2.16 – Changes in income and number of automobiles per household for Copenhagen, Munich and Stockholm - 1971 
to 1995 
City  per  h’hold 1990 1992 1994 1996 1998 2000 
Copenhagen Income  $US  28,800 33,200 38,460 44,070 49,970 58,670 
  Automobiles 0.59 0.58 0.58 0.56 0.60 0.65 
          
    1991 1995 2000       
Munich  Income  $US 23,100 28,410 34,470       
  Automobiles 0.86 0.86 0.97      
          
    1981 1991 1995 2000     
Stockholm Income  $US   14,516 30,150 38,060 43,400     
  Automobiles 0.52 0.62 0.59 0.59    
          
Note: Household income at constant $US 2000. 
Source: City of Munich (2001), City of Stockholm (2001), Jacobsen and Cohen (2002), Pedersen and Fisker (1998), 
Stockholm County Council (2002), IMF (2003). 
In these three major European cities, between 1981 and 2000 there was a period of sustained 
increase in the level of household income that delivered, in the main, a reasonably consistent level 
of automobile ownership per household.  In Copenhagen and Munich however, between 1995 and 
2000 substantial increases occurred in automobile ownership per household.  For these two 
selected major European urban environments, household income increases in that period were 
accompanied by a parallel increase in the number of automobiles per household.  In Stockholm 
during this period there was no increase in automobile ownership per household that suggests a 
series of factors were at work in these cities that influenced household decisions not to purchase 
automobiles as incomes rose. 
The literature also describes relationships between household income and automobile ownership in 
cities for a selection of less developed countries.  Cracknell (2000) in a wide ranging report on 
urban traffic management and demand management in less developed countries for the World 
Bank states that “[p]arallel growth in city economies and household and personal incomes also 
leads to further increases in travel demand, car ownership and car use.” (5p).  Table 2.17 shows 
differences between household income and the number of automobiles per household over several 
years, 1980 to 2000, for Manila and two more developed Asian cities, Hong Kong and Singapore.  
These data were drawn together from a number of unrelated sources by the author to 
independently examine the relationship between household income and automobile ownership. 
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Table 2.17 – Changes in real income and number of automobiles per household for Hong Kong, Singapore and Manila  – 
1980 to 2000. 
City  Per  household  1985 1990 1991 1995 1997 2000 
Hong Kong  Income $US  3,950  9,950 11,820 20,100 24,850 28,790 
  Automobiles  0.16 0.13 0.14 0.18 0.17 0.18 
          
    1990 1995 1997 1998 1999 2000 
Singapore Income  $US  15,460 30,770 35,740 32,730 32,130 34,410 
  Automobiles  0.41 0.52 0.56 0.55 0.55 0.56 
          
    1990 1995 1997 2000     
Manila Income  $US  4,930  6,526  10,150  10,850     
  Automobiles  0.27 0.39 0.41 0.46     
          
Note: Household incomes at constant $US 2000. 
Source: Census and Statistics Department Hong Kong (2001), Department of Statistics Singapore (2001), Kenworthy et 
al. (1999), Kenworthy and Laube (2001), Philippines Statistics (2000), IMF (2003). 
Unlike Manila, Singapore’s automobile restraint and quota policies have maintained ownership at 
a consistent level of about 0.5 automobiles per household although household incomes have risen 
almost 2.3 times during this investigation period, 1990 to 2000.  Singapore’s automobile restraint 
policies are not described in this section, but are widely reported in the literature (Phang, 1993; 
Koh and Lee, 1994; Chin and Smith, 1996; Seik, 1997, Willoughby, 2001; Goh, 2002).  In Hong 
Kong, a recent study by Lam and Tam (2002) concludes that household income and its disposable 
portion was only one factor amongst a number of socio-economic measures that influence the 
number of household (licensed) automobiles and motor cycles.  For example, Hong Kong’s 
automobile control policies may have caused some ownership restraint held at between 0.13 and 
0.18 automobiles per household over the last 10-years, that is 1990 to 2000, although during that 
time household incomes increased almost 3 times (Chin and Smith, 1997; Lam and Tam, 2002).  
The influence of other measures such as an individual city’s transportation policy and politics can 
strongly influence automobile ownership decisions at a household level, as suggested by Wickham 
(1999).  The implications of these automobile restraint management strategies must be clearly 
understood when developing a model to predict private motorised mobility. 
In summary, Schimek (1996) and others suggest a robust relationship between annual average 
household income and number of automobiles (cars) per household.  However, from this review it 
is apparent that this relationship is not universally applicable to all households in cities of more 
developed and less developed countries.  The strength of the influence of per capita income on 
automobile ownership is not clear-cut at the household level.  However, what is apparent is that 
while exerting some influence on this relationship, annual average household income is not the 
sole measure that determines and drives private motorised mobility at the household level.   61 
Household level income and its influence on automobile use 
This section explores the literature’s position on the relationship between income per household 
and automobile use.  In an analysis of the 1990 United States Nationwide Personal Transportation 
Survey (NPTS), Schimek (1996) demonstrates that there was a strong positive correlation between 
average household income and automobile VKT and that low income households travel 
considerably less in automobiles.  However, Schimek adds a note of caution regarding this 
relationship indicating that households near transit stops significantly decrease their annual 
household automobile use.  Pickrell and Schimek (1998 and 1998a) conclude from their statistical 
examination of America’s 1995 NPTS that a 10% increase in household income was 
commensurate with between a 3.5% and 3.7% increase in a household’s annual vehicle kilometres 
of travel (VKT). 
In American households the Transportation Statistics Annual Report relates that 
“In 1990, people in households with annual incomes under $10,000 travelled less than half the 
distance of people with household incomes of $40,000 and over: 26 kilometres a day and 2.6 
trips compared with 61 kilometres and 3.6 trips.  Part of this difference, particularly in distance 
travelled, results from the fact that as income rises the proportion of trips using private 
transportation rises.” (USDoT, 1997:160). 
An analysis of the interactions between land-use and travel behaviour in California has identified 
three household income groups as important in assessing the relationship between household 
income and automobile use or the number of automobile trips per household.  The household 
income groups were: 
•  households whose gross annual income was below $US30,000 (low income) 
•  households between $US30,000 and $US75,000 (middle income) 
•  households greater than $US75,000 (high income). 
McNally and Kulkarni (1997:111) analysed the results from this Californian study, and based on 
the number of daily automobile trips found that 
“The results of the income group breakdowns show trip making to be highly correlated to 
income: low-income households average 6.5 trips, middle-incomes households average 9.9 
trips, and high-income households make 12.5 trips.” …  “A very strong relationship between 
income and total household travel was found, in which the mean total trips for the income 
groups were significantly different.” 
Support for such findings can also be found in many household travel characteristics surveys.  For 
example, Purvis (1994), City of Edmonton (1995) and Denver Regional Council (2000 and 2001) 
reveal similar relationships between increased household income and average number of daily   62 
trips by automobile, broadly an indicator of automobile use or VKT (though the actual magnitude 
of VKT differences are dependent on actual trip lengths).  At an individual city level, the City of 
Denver conducted a region travel survey in 1997 and their results corroborate McNally and 
Kulkarni’s (1997) findings that increasing household income shows a relationship with increased 
automobile use per household.  Table 2.18 shows the findings of this survey (Denver Regional 
Council, 2000 and 2001). 
Table 2.18 – Increasing household income and number of household trips for the Denver region - 1997. 
Household income $US 000’s 1997  Per household measure 
<$15  $15 to $35  $35 to $50  $50 to $75  >$75 
Daily auto trip rate  6.7  9.0  10.4  12.5  9.0 
Source: Denver Regional Council (2000 and 2001). 
A 1998 Canadian study conducted by the Centre for Sustainable Transportation similarly 
concluded that households with annual incomes of less than $CAN20,000 drive fewer kilometres 
than households with incomes of more than $CAN75,000 (CST, 1998).  This study’s finding are 
comparable to a 1994 household travel survey for the City of Edmonton (Edmonton, 1995).  The 
results of this relationship between household income and number of daily household trips by 
automobile are shown in Table 2.19. 
Table 2.19 – Household income, automobiles per household and daily automobile trips per household in Edmonton - 1994 
Household income $CAN 000’s 1994  Per household measure 
<$15  $15 to $25  $25 to $60  >$60 
No. of automobiles  0.77  1.11  1.68  2.23 
Av. daily auto trip rate  5.6  6.6  9.5  12.6 
Source: City of Edmonton (1995). 
 
At the household level several independent data sets have been drawn together from a number of 
sources to extend the investigation and analysis of the foregoing relationships.  The household 
values for Copenhagen, Munich and Stockholm from 1971 to 1995 are shown in Table 2.20. 
Table 2.20 – Changes in annual average income, automobiles and VKT per household for Copenhagen, Munich and 
Stockholm - 1981 to 1995 
City  per h’hold measure  1990  1992  1994  1996  1998  2000 
Copenhagen Income  $US 28,840  33,200 38,460 44,070 49,970 58,680 
  Automobiles  0.59  0.58 0.54 0.56 0.60 0.65 
  Automobiles  VKT  9,570,     9,720   
            
   1981  1991  1995  2000     
Munich  Income  $US    23,100  28,410     
 Automobiles  0.74  0.86  0.86  0.97     
  Automobiles  VKT  6,740  7,700  8,330     
            
   1981  1991  1995  2000     
Stockholm Income  $US 9,850  30,150  38,060  43,400     
 Automobiles  0.52  0.62  0.59  0.59     
  Automobiles  VKT  6,880  6,690  7,720     
              63 
Note: Household income at constant $US 2000 
Source: City of Munich (2001), City of Stockholm (2001), Kenworthy et al. (1999), Kenworthy and Laube (2001), 
Pedersen and Fisker (1998). 
In these European cities the number of automobiles per household has remained relatively constant 
over the assessment period.  However, the use of automobiles per household has increased at the 
same time as increased household income.  This would tend to support the other evidence in the 
literature that suggests household automobile use increases with increasing income. 
A further aspect of a household member’s daily mobility is transportation mode-choice and this is 
an influential factor on a household’s overall transportation requirements.  A Southern California 
Association of Governments study in 1999 of the travel behaviour of people residing in 118 cities 
under its jurisdiction found, amongst many other issues, that household income was strongly 
linked to daily personal transportation mode-choice.  This study found that people living in high 
income households (above $US80,000) would drive-alone (motorised vehicles include 
automobiles, light-duty pick-ups, vans and motorcycles), while those in lower income households 
(less than $US35,000) would ride-share and automobile and van pool their daily household trips 
(Southern California, 2000).  In choosing a particular daily travel mode, household individuals 
often trade-off money against time and convenience against flexibility.  As personal and 
household incomes increase, the value of time shifts the mobility or travel choice decisions from 
slower, cheaper modes to faster, costlier modes.  That is, in urban areas associated with this study, 
this time cost of travel demand shifts personal transportation mode-choice towards automobiles 
and away from other alternative transportation choices (Sarmiento, 1996; Giuliano, 1999; Ingram 
and Liu, 1999; Schafer, 2000; Southern California, 2000). 
In summary, the literature overall portrays a position of some uncertainty in its support for per 
capita and per household income as a driver of private motorised mobility at the national, city and 
household level.  While some researchers propose that it is a strong or almost the sole determinant 
of private motorised mobility, many offer their support in a more qualified and cautious manner.  
There seems to be little doubt that, at all levels, per capita income does influence automobile 
dependence and private motorised mobility across more developed and less developed countries, 
cities and households.  However, it appears that it is not a sole determinant of private motorised 
mobility, as it acts at the same time with other measures, in some yet unknown combination, to 
drive private motorised mobility at the national, city and household level. 
The following sections review a series of other measures that may contribute to private motorised 
mobility.  In brief, the measures comprise urban form influences, transportation infrastructure such   64 
as road and rail networks, and automobile occupancy.  The influence of these measures as 
fundamental drivers of private motorised mobility are, where practicable, described, examined and 
analysed at the national, city and household level.  After this final part of the literature review a list 
of measures considered critical in understanding private motorised mobility is proposed.  This is 
followed by a statistical analysis that assesses each measure’s statistical relevance.  The chapter 
concludes by suggesting a list of fundamental underlying measures that drive private motorised 
mobility at the national, city and household level. 
2.5.3  Urban form influences on private motorised mobility 
City level urban form influences on private motorised mobility 
There is a considerable body of literature that discusses the relationship between urban form 
influences, expressed in urban population and household densities, and automobile ownership and 
use.  Newman and Kenworthy (1989) were among the first to analyse population density macro-
level data from a broad selection of world cities concluding that urban form factors are major 
determinants of automobile dependence in cities.  They state that “the need for motor vehicles 
would appear to decline as cities become denser, more compact and more centralised.”(p52).  The 
literature has in the interim continued to examine this relationship and generally supports a 
position that increased population density and a more compact urban environment will reduce the 
reliance on automobiles for personal mobility.  This relationship has been supported by many 
researchers including Kitamura et al. (1994), Cervero (1996), Messenger and Ewing (1996), 
Kockelman (1997), Holtzclaw (2000), Boarnet and Crane (2001a) and Stead et al. (2001).   
However, others including Dunphy and Fisher (1996) and Wickham (1999) argue that in a 
selection of cities with a similar urban population density there were marked differences in 
automobile ownership, concluding that this relationship was not clear-cut and not an automatic 
consequence of a city’s urban population density. 
The regional variations in metropolitan urban population density, automobile ownership and use 
for a uniform selection of 35 cities from more developed and less developed regions is shown in 
Tables 2.21, 2.22 and 2.23 for 1980, 1990 and 1995 respectively and the data are shown in 
Appendix 5. 
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Table 2.21 – Regional variations in average metropolitan urban population density, automobiles/1000 and VKT/capita for a 
selection of more and less developed cities – 1980 
Cities in region - 1980  No. cities  Persons/sqkm Auto/1,000 Auto  VKT/capita 
North America  14  1,873  506  7,531 
Australia 4  1,373  444  5,726 
Europe 11  5,180  332  3,498 
Asia high income  3  14,934  88  921 
Asia low income  3  13,748  59  709 
 
Table 2.22 – Regional variations in average metropolitan urban population density, automobiles/1000 and VKT/capita for a 
selection of more and less developed cities - 1990 
Cities in region - 1990  No. cities  Persons/sqkm Auto/1,000 Auto  VKT/capita 
North America  14  1,914  578  9,485 
Australia 4  1,344  488  6,498 
Europe 11  4,867  392  4,500 
Asia high income  3  15,805  123  1,487 
Asia low income  3  14,190  103  1,241 
 
Table 2.23 – Regional variations in average metropolitan urban population density, automobiles/1000 and VKT/capita for a 
selection of more and less developed cities - 1995 
Cities in region - 1995  No. cities  Persons/sqkm Auto/1,000 Auto  VKT/capita 
North America  14  1,927  555  10,015 
Australia 4  1,327  591  7,652 
Europe 11  4,968  397  4,552 
Asia high income  3  16,719  157  1,818 
Asia low income  3  14,587  127  2,333 
Note: That between 1990 and 1995 many United States cities cleaned up their vehicle registers which had accumulated 
a lot of de-registered automobiles, thus it appears that automobile ownership for North America had declined between 
1990 and 1995.  This is not the case.  The 1990 figure was inflated. 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
This uniform selection of individual cities in selected regions allows valid comparisons of trends 
in the relationship over the time-series investigated.  It can be seen how, on a global comparative 
scale, cities with higher urban population densities tend to have notably lower automobile 
ownership and use.  This is confirmed by examining the relationships between these factors 
through regression analysis. 
Figure 2.16 and Figure 2.17 show the relationship between metropolitan urban population density 
(persons per square kilometre) and number of automobiles per 1,000 persons and automobile VKT 
per capita respectively, for the same uniform selection of 35 cities for 1980 and 1995 (as above 
tables) with data shown in Appendix 5.  The line of best fit is an exponential and power curve 
shown in Figure 2.16 and Figure 2.17 respectively with all the regressions showing in excess of 
74% of the variance in automobile ownership and use being explained by urban population 
density. 
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Figure 2.16 – Variation in city metropolitan population density and annual average automobile/1000 persons for a selection 
of more and less developed cities - 1980 and 1995 
 
Figure 2.17 – Variation in city metropolitan population density and annual average automobile VKT/capita for a selection of 
more and less developed cities - 1980 and 1995 
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Note for Figure 5.16: The 1980 and 1995 data sets have an optimised R
2 of 0.741 and 0.848 respectively and both are 
statistically significant at the ≤0.05 level. 
Note for Figure 5.17: The 1980 and 1995 data sets have an optimised R
2 of 0.806 and 0.875 respectively and both are 
statistically significant at the ≤0.05 level. 
Source: Beyer (1974), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
These relationships suggest strongly that low urban population density is associated with high 
automobile ownership and use in cities.  An important feature of this relationship is that it was 
maintained through the investigation period of 1980 to 1995 and indeed appeared to strengthen.  A 
sustained historical trend in any relationship is important in the development of predictive models. 
Household level urban form influences on private motorised mobility 
Meurs and Haaijer (2001) find that the greater the urban household density the fewer the number 
of automobile trips undertaken by household members.  This research was undertaken in Holland, 
and the study’s finding show a strong linkage between the characteristics of the spatial 
environment, mobility and mode-choice.  Dunphy and Fisher (1996) support this relationship, that 
a higher household density (houses per sqkm) reduces automobile trips and add that household 
automobile ownership declines as household density increases.  An analysis of America’s 1990 
NPTS by Schimek (1996) shows a consistent decline in the total annual travel of households as 
neighbourhood density increases and that households in low population density areas travel more 
than ones in higher density areas.  Schimek quantified this relationship and found that: 
•  for each 1% increase in gross household density there was an associated reduction of 0.11% in 
the average number of vehicles per household 
•  for each 1% increase in household density there was an associated 0.07% decrease in annual 
average automobile VKT per household. 
Holtzclaw et al. (2002) report that, despite differences in geography and demographic structure, 
automobile ownership and use in Chicago, Los Angeles and San Francisco were highly correlated 
with residential density.  In this neighborhood study, residential density was defined as the 
number of households per residential area (acre).  The results of this study show that  
“In the three metropolitan areas, the variable that correlated most strongly with vehicles per 
household and vehicle miles of travel per household was households per residential area. 
…that there is a very strong relationship of residential density to auto ownership and driving in 
all three regions studied, even before evaluating the other variables--income, household size, 
transit service, pedestrian/bicycle friendliness, etc.  … These correlations show that in 
Chicago,  each doubling in residential density … reduces household auto ownership by 
approximately 33% and VMT by 32%; in Los Angeles by 35% and 35%; and in San Francisco 
by 40% and 43%.” (p8).   68 
In summary, the literature review suggests that there is a relationship between urban form 
influences, described here as urban population density and household density, and automobile 
ownership and use.  The literature discussed here suggests that the relationship may be 
significantly stronger than “not clear-cut”, a position adopted by some researchers. 
2.5.4  Employment influences on private motorised mobility 
City level employment influences on private motorised mobility 
This section examines the relationship between metropolitan urban employment density 
(expressed as jobs per square kilometre) and automobile ownership and use.  For several decades 
from the 1960s to the 1990s, the urban landscape of cities across the United States has undergone 
decentralisation, dispersion and suburbanisation which has resulted in quite highly decentralised 
employment patterns (Crane and Chatman, 2003).  In this period, major urban population, 
employment and economic growth occurred outside of the central cities in America’s suburbs 
(Giuliano and Gillespie, 1997; Giuliano, 1999).  This changing pattern of suburbia was not 
confined to American cities as similar, though not quite as strong, developments were occurring in 
Europe, as noted by the World Bank (2000).  Such processes were also evident globally in more 
developed and less developed cities (OECD and ECMT, 1995; Giuliano and Gillespie, 1997; 
World Bank, 2000:125-138). 
This changing pattern of the place-of-work from more traditional centralised city precincts to the 
suburbs has had major implications for modal choice for the journey-to-work.  The traditional 
centralised, high-density employment environment was serviced by a viable range of public 
transportation alternatives to the automobile, making employment density an important variable in 
determining workers’ transportation behaviour (Cervero, 1989; Miller and Shalaby, 2001).  The 
decentralised distribution of a city’s employment has been suggested by a number of authors as a 
strong driver of both travel behaviour and transportation supply options (Gordon and Richardson, 
1989; Gordon et al., 1989).  In this scenario, private motorised mobility generally becomes a 
worker’s preferred transportation mode-choice (Kockelman, 1997; Giuliano, 1997; Miller and 
Shalaby, 2001).  Hunt et al. (2000) indicate that like other factors underpinning automobile 
dependence, employment density does not display a consistent pattern of influence and can be 
considered to act in a cumulative combination with other measures, as described in previous 
sections (Litman, 2000).   69 
The increasing volatility in the employment market and the impacts of urbanisation constitute a 
scenario where job seekers are compelled to be more flexible, as it is difficult to simultaneously 
co-ordinate their preferred choice of home and work location (Goodwin, 1995 and 1997).   
Urbanisation in the United States has had the following implications: 
•  in 1990, 50% of all workers lived in the suburbs 
•  between 1950 and 1992 the United States’ population rose 56.1% 
•  central cities areas grew 49.9% while suburban populations grew almost 200% 
•  between 1980 and 1990, the number of suburban jobs grew 65% while central city jobs grew 
only 18% 
•  as a result, almost 70% of all new jobs created in America between 1980 and 1990 were in the 
suburbs (Rosenbloom, 1996). 
With respect to the influence of employment density on mode-choice of a metropolitan urban 
employment force, Figure 2.18 and Figure 2.19 show a relationship between metropolitan urban 
employment density and automobile ownership and use respectively, in a wide selection of 35 
more developed and less developed cities for 1980 and 1995.  The selected cities are the same as 
used in Figure 2.16 and the data are again shown in Appendix 5.  The line of best fit are 
exponential curves shown in Figure 2.18 and Figure 2.19, with all regressions showing in excess 
of 58% of the variance in automobile ownership and use being explained by urban job density. 
Figure 2.18 – Metropolitan urban job density and automobiles per 1,000 for a selection of more developed and less 
developed cities - 1980 and 1995 
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Note: The 1980 and 1995 data sets have an optimised R
2 of 0.578 and 0.728 respectively and both are statistically 
significant at the ≤0.05 level. 
Figure 2.19 – Metropolitan urban job density and automobile VKT per capita for a selection of more developed and less 
developed cities - 1980 and 1995 
 
Note: The 1980 and 1995 data sets have an optimised R
2 of 0.658 and 0.818 respectively and both are statistically 
significant at the ≤0.05 level. 
Source: Beyer (1974), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
Like urban population density, this relationship suggests that low metropolitan urban employment 
density carries with it high automobile ownership and usage.  Importantly as with urban 
population density, the historical trend in this relationship was maintained and strengthened from 
1980 to 1995. 
Household level employment influences on automobile ownership and use 
Hunt et al. (2000) conclude that the number of full-time household workers is a strong influence 
on a household’s annual vehicle kilometres of travel.  Schimek (1996) also concludes after an 
analysis of the 1990 NPTS that there are strong linkages between the number of workers per 
household and the household’s automobile dependence and quantifies a relationship that for each 
worker in the household, the number of vehicles in a household increased by 0.26%.  Golob et al. 
(1996) like-wise conclude that the number of workers per household is strongly related to the 
number of household vehicles and their kilometres of travel. 
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The United States Department of Transportation undertook a detailed analysis of the mode-choice 
for the journey-to-work and found that automobiles in general, and driving-alone in particular, was 
unquestionably and not surprisingly, the mode of choice for most American workers.  The study 
showed that the automobile’s modal share for the journey-to-work share was 60.8% in 1960 and 
90.8% in 1995.  In comparison, the 1995 public transit market share for the journey-to-work was 
5.1% (USDoT, 1993; Hu and Young, 1999).  By contrast, the transportation mode-choice of 
Singapore’s workers shows that public transport is still the most important mode.  The public 
transport share for the journey-to-work in Singapore showed a slight decline from the 1990 value 
of 55.0% to 52.4% in 2000, with an increase in private transport modes from 37.0% to 41.6% in 
the same time-series (Statistics Singapore, 2001). 
In summary, the current literature reviewed in this section generally supports the position that 
population and employment factors are measures that help explain the levels of private motorised 
mobility in both more developed and less developed countries, cities and households.  After 
examining and analysing a number of data sets taken from the literature and drawing together data 
from several independent sources, a number of factors has been identified as measures that are 
very important to consider in modelling mobility.  These measures are metropolitan population 
density, total metropolitan employment density, household density of a metropolitan area, and the 
number of workers per household.  Other key findings in this section were that the relationship 
between key measures and private motorised mobility were maintained historically and that none 
of the measures act alone but rather act in concert with a series of other measures. 
2.5.5  Road and rail infrastructure and network influences on private 
motorised mobility 
This review has so far explored the influence on private motorised mobility of per capita income, 
population, demographic structure, expanding urbanisation and employment across both more 
developed and less developed countries and cities.  This section now looks to more direct transport 
impacts on mobility and examines, in turn, the influence that road and rail infrastructure have on 
automobile ownership and use. 
Road network influences on private motorised mobility at a national level 
Automobiles need roads, and generally road networks in both more and less developed countries 
and cities have fostered and accommodated increasing automobile ownership and use.  Ingram and   72 
Liu (1997 and 1999) suggest, as a result of their analysis, that the size of a national road network is 
associated with the size of a country’s economy, geographical area, population, per capita income 
and population density.  A major finding of their 1999 research was that: “ motor vehicles need 
roads, and road networks have been expanding to accommodate the increasing number of 
vehicles.” (p1). 
The relationship suggested by Ingram and Liu (1999) is developed further from a series of data 
sets drawn together from a number of independent sources by the author for the purpose of this 
thesis (Ingram and Liu, 1998; IMF, 2001; IRF, 1973 to 2002; UN, 1975 to 2001).  Figure 2.20 and 
Figure 2.21 show the total road network length (road metres per capita) and automobiles per 1,000 
persons and automobile VKT per capita for a uniform selection of 19 more developed and less 
developed countries between 1975 and 1995.  A line of best fit is shown as a logarithmic curve in 
Figure 2.20 and Figure 2.21 with all regressions showing in excess of 44% of the variance in 
automobile ownership and use being explained by national road network length.  The data are 
shown in Appendices 4 and 5 and the independent data sets used for each presentation maintain, as 
close as practical, the same countries, as shown in Table 2.2. 
Figure 2.20 – National road metres per capita and automobiles/1,000 for a selection of more developed and less developed 
countries 1975 and 1995. 
 
Note: The 1975 and 1995 data sets have an optimised R
2 of 0.484 and 0.439 respectively and both are statistically 
significant at the ≤0.05 level. 
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Figure 2.21 – National road m/capita and automobile VKT per capita for a selection of more developed and less developed 
countries 1975 and 1995. 
 
Note: The 1975 and 1995 data sets have an optimised R
2 of 0.544 and 0.483 respectively and both are statistically 
significant at the ≤0.05 level. 
Source: Beyer (1974), Ingram and Liu (1998), IMF (2001), IRF (1973 to 2002), UN (1975 to 2001). 
This independent analysis generally supports a relationship between total road network length per 
capita and automobiles per 1,000 persons as well as automobile VKT per capita at the national 
level.  This relationship also shows some maintenance of a historical trend from 1975 to 1995 that 
received little attention in Ingram and Liu’s (1997 and 1999) papers.  An inspection of Figure 2.21 
or 2.22 reveals, in the main, that road metres per capita (rdm/capita) for the selected countries 
shown has not exceeded a value of about 65rdm/capita during the investigation period.  However, 
in this period, as previously described, there were significant increases in both automobile 
ownership and use while the selected 19 countries maintained almost the same rdm/capita value, 
that is, national road length increased in proportion to the population. 
City level road network influences on private motorised mobility 
In general terms,  
“Relative to countries, urban areas obviously have much higher population densities, higher 
road network densities, more motor vehicles per unit of road, somewhat more vehicles per 
thousand persons, and much less road length per person.  This is true for both developing and 
high-income countries.  … Relative to high-income cities, developing cities have higher 
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population densities, lower road network densities, fewer motor vehicles per thousand persons, 
and less road length per person.  The result is a relatively small difference in motor vehicles 
per unit of road between developing and high income cities.” (Ingram and Liu, 1997:2). 
The disparity in urban road infrastructure availability is very apparent.  In many major Asian 
cities, about 12% of their land space is devoted to all forms of road rights-of-way, for example, 6% 
in Calcutta and, 11% in Bangkok (Bose, 1998).  These values are compared with between 20 and 
25%, which are common values across European cities and up to 35% in American and Canadian 
cities (Sauvé, 1996; World Bank, 2000).  Dupuy (1999) makes the following comment and shows 
how urban road space in American cities has achieved 35% of their land space. 
“Some thirty years ago, American oil industry and road engineers discovered the “magic 
circle” of automobile development.  They observed that the increase in automobile traffic led 
to the expansion of the road network, thus encouraging car owners to drive more, more people 
to buy cars, an increase in traffic was once again followed by the growth of the network, and 
so on and on.  Obviously, such snowballing was a boon to those in the oil and road business.” 
(p1). 
Figure 2.22 shows the relationship between total metropolitan road network length (road metres 
per capita) and automobiles per 1,000 persons for a selection of 27 more developed and less 
developed cities for 1970 and 1995 and the data are shown in Appendix 5.  For this thesis “the data 
are the centre-line length of all classes of roads.  …  More appropriate indicators, based on road 
space, would be lane lengths, which are however not consistently available, or road area, whose 
availability depends on a detailed land use inventory, which shows roads as a separate item.” 
(Kenworthy et al., 1999:17).  Thus while centre-line length of all roads is not the optimal measure 
of the extent of a road system, it is the best that is available across a large sample of cities in 
developed and developing countries. 
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Figure 2.22 – Metropolitan road metres per capita and automobiles/1,000 for a selection of more developed and less 
developed cities – 1970 and 1995 
 
Note: The 1970 and 1995 data sets have an optimised R
2 of 0.636 and 0.679 respectively and both are statistically 
significant at the ≤0.05 level. 
Source: Beyer (1974), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The analysis of these data generally supports the suggestion that more road metres per capita 
encourages greater automobile ownership.  Within each data set the spread of values tends to 
suggest, not surprisingly, that factors apart from road metres per capita influence automobile 
ownership across both developed and developing cities.  A line of best fit is shown as a power 
curve in Figure 2.22 and Figure 2.23 with all regressions showing in excess of 64% of the variance 
in automobile ownership, and use being explained by per capita metropolitan urban road network 
length. 
Figure 2.23 shows the relationship between total metropolitan road network length (road metres 
per capita) and annual average automobile VKT per capita for the same 27 more developed and 
less developed cities for 1970 and 1995, with and the data shown in Appendix 5. 
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Figure 2.23 – Metropolitan road metres per capita and automobile VKT/capita for a selection of more developed and less 
developed cities – 1970 and 1995 
 
Note: The 1970 and 1995 data sets have an optimised R
2 of 0.713 and 0.701 respectively and both are statistically 
significant at the ≤0.05 level. 
Source: Beyer (1974), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
An examination of Figures 2.22 and 2.23 supports a suggestion that increasing metropolitan urban 
road metres per capita is associated with greater automobile ownership and use in cities.  The data 
also support Ingram and Liu’s (1997) statement that cities have “ much less road length per 
person.” than do countries.  In the 27 selected cities the road length does not exceed 15rdm/capita 
in 1970 and 11rdm/capita in 1995.  This analysis also shows a historical relationship between 
metropolitan urban rdm/capita and automobile ownership and use from 1970 to 1995. 
Exploring the transport and land-use data in Kenworthy and Laube (2001) indicates an intimate 
and inextricable relationship between metropolitan road length (rdm/capita) and population density 
(persons/sqkm) which support the remarks of Ingram and Liu (1997) noted on pages 72/73.  Every 
urban property needs some basic road access and the lower the urban density the more it is needed.  
Figure 2.24 describes this relationship and the data are shown in Appendix 5. 
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Figure 2.24 – Metropolitan road m/capita and population density for a selection of cities in 1995 
 
Note: The 1995 data set has an optimised R
2 of 0.819 which is significant at the ≤0.05 level. 
Source: Beyer (1974), Kenworthy and Laube (2001). 
Also Kenworthy and Laube (2001) allow a further examination of the relationship between the 
metropolitan express (freeway) road network length and automobile ownership and use in a 
selection of 83 world cities.  But freeways or express road networks may be considered as not 
essential road infrastructure, and this examination supports and strengthens an argument that 
building all road infrastructure promotes private motorisation, that is automobile ownership and 
use. 
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Figure 2.25 - Metropolitan express road network length and automobiles per 1,000 persons for a selection of cities in 1995 
 
Figure 2.26 - Metropolitan express road network length and automobile VKT per capita for a selection of cities in 1995 
 
Note: Figures 2.25 and 2.26 have an optimised R
2 of 0.559 and 0.613 respectively and are significant at the ≤0.05 level. 
Source: Kenworthy and Laube (2001). 
The Figures 2.25 and 2.26 show a strong linear relationship between automobile ownership and 
use with the length of a city’s express road network and these relationships are significant at 
greater than the ≤0.05 level.  This latter investigation of the relationship together with the literature 
supports the notion that increasing road structure encourages the growth of automobile ownership 
and use. 
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City level rail network influences on private motorised mobility 
In most more developed cities, private passenger vehicles are the backbone of motorised passenger 
transport systems and will remain so for the foreseeable future.  Although in many cities the city’s 
public transport networks are in decline, which encourages private motorised mobility, public 
transport networks comprising buses, trains, trams and ferries still offer an important and viable 
alternative transportation mode-choice (WBCSD, 2001).  In many more developed cities there is a 
revitalisation of urban public transport systems, especially rail networks, through construction of 
new lines, remodelling and modernising of stations and stops (USDoT, 1993).  Kitamura et al. 
(1994) and Cervero (1996) describe the ease of access to rail infrastructure and services as being 
strongly associated with the level of rail patronage and Parsons et al. (1996) note the positive 
influence of residential development near to rail lines on urban rail usage.  Both these groups of 
researchers suggest these influences draw commuters to urban rail services and away from 
automobile usage for their daily mobility needs.  Kenworthy and Laube (1999) show that 
American cities have high private motorised mobility and generally low transit service levels and 
use.  In contrast, Schafer (1998) notes that within and between a majority of European cities there 
is a viable and efficient urban rail network with a high usage demand. 
In most cities in the developing world, non-automobile travel is by bus, para-transit modes such as 
jeepneys and shared taxis, walking, bicycling and other non-motorised modes (such as becaks in 
Indonesia).  Even in cities where suburban rail is predominant (such as Mumbai), and where 
metros exist, it is still probable that most mechanised journeys are by bus (Cracknell, 2000).   
However, in many developing cities, urban rail becomes particularly important when high-density 
urban development expands to create distances that are too great for efficient bus transport.  Once 
this point is reached, road building alone cannot efficiently serve travel demand and a high-
capacity integrated public transport network, such as LRT or MTR, is essential for securing 
mobility and sustainability of urban public transport systems (World Bank, 2000d). 
Figure 2.27 shows the relationship between metropolitan urban rail network length (rail metres per 
capita) and automobiles per 1,000 persons for 1990 and 1995 in a selection of 32 more developed 
and less developed cities for which data were readily available.  In this part metropolitan rail 
network length comprises a total of the following: 
•  For 1990 - heavy rail, light rail and tramway (Kenworthy et al., 1999:650). 
•  For 1995 – suburban rail, metro rail, light rail and tramway (Kenworthy and Laube, 2001). 
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Figure 2.27 – Metropolitan urban rail network length (rail m/capita) and automobiles per 1,000 persons for a selection of 
more developed and less developed cities for 1990 and 1995 
 
Note: The 1990 and 1995 data sets have an optimised R
2 of 0.194 and 0.333 respectively and are statistically significant 
at the ≤0.05 level. 
Source: Beyer (1974), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
Figure 2.28 shows the relationship between metropolitan urban rail network length per capita and 
automobile VKT per capita for 1990 and 1995 in the same selection cities. 
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Figure 2.28 – Metropolitan urban rail network length (rail m/capita) and automobile VKT/capita for a selection of more 
developed and less developed cities for 1990 and 1995 
 
Note: The 1990 and 1995 data sets have an optimised R
2 of 0.096 and 0.158 respectively and are not and are statistically 
significant at the ≤0.05 level respectively. 
Source: Beyer (1974), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The lines of best fit are power curves in Figure 2.27 and Figure 2.28 that show, while not 
statistically significant at the 0.05% level, an increasing positive trend from 1990 to 1995 in the 
relationship between rail metres per capita and automobile ownership and use.  The increasing 
pace of motorisation and saturation of the road networks, as noted previously, may be contributing 
to this dampening of automobile ownership in cities with more rail infrastructure.  In cities with 
well established rail networks such as London, Paris, Tokyo and Melbourne the impact on the 
relationship with automobile ownership was still not significant at the 0.05% level. 
In summary, this section suggests that road metres per capita is a measure that drives private 
motorised mobility at the national and city level, but that it does not act alone as a sole driver.  A 
notable factor here is metropolitan population density as a strong influence on road metres per 
capita.  Although freeway and express road networks are seen as premium road infrastructure, both 
have a strong linear relationship with automobile ownership and use.  As well, indications are that 
there were historical trends in the relationship across the period investigated and that the 
relationship was consistent in a selection of more developed and less developed countries and 
cities.  The influence of rail metres per capita on private motorised mobility was overall less well 
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defined or clear-cut.  This may be attributed in this instance to the data availability and in 
particular the fact that they were separated by five-years, 1990 and 1995.  However, at an 
individual city level the proximity of rail infrastructure to residential development was a factor in 
fostering increased rail usage. 
2.5.6  Automobile occupancy: an influence on private motorised mobility 
This section examines a phenomenon relevant at both the city and household levels: decline in 
automobile occupancy at the same time that significant increases in both automobile ownership 
and use have occurred.  A decline in automobile occupancy has occurred in both more developed 
and less developed cities over several decades, from the 1960s to 1990s. 
City level influence of automobile occupancy on private motorised mobility 
A journey-to-work study of America’s major metropolitan urban areas conducted by the United 
States Department of Transportation shows a thirty-year trend, 1960 to 1990, of declining 
passenger vehicle occupancy and that the drive-alone mode was the preferred option of America’s 
workers (USDoT, 1993).  Pickrell and Schimek (1998a) investigated the data collected in the 
United States NPTS from 1977 to 1995 and found that passenger vehicle occupancy was in 
constant decline.  In 1977, the percentage of America’s passenger vehicles with a single occupant 
(drive-alone) was 59.6% and by 1995 this value increased to 68.4%.  In this study, the decline in 
passenger vehicle occupancy (persons per vehicle) was from 1.89 in 1977, to 1.75 in 1983, to 1.64 
in 1990 and to 1.59 in 1995 (Pickrell and Schimek, 1998a; USDoT, 1999).  In this part automobile 
occupancy values were 24-hour, 7-days-a-week averages unless stated otherwise. 
Elsewhere, London Transport analysed data for automobiles entering London on a daily basis, and 
their results show that automobile occupancy was consistent at about 1.3 persons per automobile 
between 1987 and 1997 (DETR, 1997 and 2000).  Similar trends to those experienced in America 
were found in Toronto where declining automobile occupancy was linked to increased automobile 
VKT per capita (Data Management Group, 1998).  Schipper et al. (2001) have described a 
relationship between increasing per capita income and increased automobile ownership and use 
and also that, while variable, this relationship was linked to a decline in automobile occupancy.  
They suggest that this occurred because more vehicles were available.  The average automobile 
occupancy levels from a broad selection of 27 more developed and less developed cities in 1960, 
1970, 1980, 1990 and 1995 was 1.69, 1.64, 1.61, 1.53 and 1.50 respectively (Kenworthy et al.,   83 
1999; Kenworthy and Laube, 2001; Appendix 5).  This is largely in line with the broader 
American national figures quoted here. 
Table 2.24 shows typical variations in automobile occupancy and automobile VKT per capita in a 
selection of more developed and less developed cities for 1970 and 1995. 
Table 2.24 –Variation in automobile occupancy and automobile VKT per capita for a selection of cities – 1970 and 1995 
1970 1995  City 
Auto occupancy  Auto 
VKT/capita 
Auto occupancy  Auto VKT/capita 
Brisbane 
Frankfurt 
Calgary 
Jakarta 
Phoenix 
Tokyo 
1.93 
1.60 
1.58 
2.28 
1.46 
1.50 
3,788 
3,500 
3,445 
168 
8,864 
1,143 
1.61 
1.30 
1.36 
1.60 
1.33 
1.51 
7,756 
5,246 
8,237 
1,324 
11,352 
2,715 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
This analysis is developed further in Figure 2.29, showing the relationship between the average 
automobile occupancy and automobile VKT per capita for a selection of 21 developed cities for 
1960, 1970, 1980, 1990 and 1995.  The data for a similar selection of developing cities was not 
consistently available for each of the years needed. 
Figure 2.29 –Relationship between average automobile occupancy and automobile VKT per capita for 21 developed cities – 
1960 to 1995 
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Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The relationship shown in Figure 2.29 supports the literature that declining automobile occupancy 
has been associated with increasing automobile VKT/capita over the period 1960 to 1995.  The 
five-year period between 1990 and 1995 data may contribute to the same automobile occupancy 
values.  The relationship between individual city values of automobile occupancy and VKT per 
capita for 1960, 1970, 1980, 1990 and 1995 show a similar overall trend, declining automobile 
occupancy and increasing VKT per capita as shown in Figure 2.30.  The data are shown in 
Appendix 5. 
Figure 2.30 –Relationship between automobile occupancy and automobile VKT per capita for 21 developed cities – 1960 to 
1995 
 
Note: This data set has an optimised R
2 of 0.1308 and is not statistically significant at the ≤0.05 level. 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
Household level vehicle occupancy influences on private motorised mobility 
Generally as the number of persons per vehicle at a city level continues to decline a similar trend 
has developed at the household level.  In households, this trend appears to have linkages to 
increased household affluence - more vehicles per household - decline in household size - 
increased automobile use, which all contribute to a decline in the occupancy of household 
automobiles (Murakami and Young, 1997; USDoT, 1999). 
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In summary, downward trends in automobile occupancy appear to exert a major influence on 
private motorised mobility. 
2.6  Private motorised mobility: a synthesis 
This chapter has so far provided a very detailed examination of factors related to private motorised 
mobility, nationally, at a city level and within households.  There is now a need to draw all this 
together into a more clear overview, which has relevance to a key aim of this dissertation: 
developing a model of private motorised mobility from aggregate level data describing 
metropolitan regions. 
The first part of this section will draw together the current academic and professional knowledge 
on what constitutes the current fundamental underlying measures that drive private motorised 
mobility at a national, city and household level.  This knowledge was extended through the 
establishment of a series of data sets from a number of independent sources, recently published, 
that allows a broader time scale examination of the measures that drive private motorised mobility.  
In the second part of this section an in-depth statistical analysis is conducted on each measure, 
examining its significance as a measure that drives private motorised mobility. 
Firstly, Figure 2.31 shows a series of broad factors that contributes to the level of private 
motorised mobility at the national, city and household level. 
Figure 2.31 - The broad measures that influence private motorised mobility at the national, city and household level. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A major conclusion of this review is that a combination and/or the cumulative effect of a series of 
measures drive private motorised mobility at the national, city and household level.  No one 
measure is solely responsible.  The measures that drive private motorised mobility show that there 
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is a consistency in their relationship despite the passage of time and that they are relevant across 
more developed and less developed countries, cities and households. 
From these broad factors the literature identifies a series of measures that drive private motorised 
mobility at different levels across the world.  The measures are shown in Table 2.25. 
Table 2.25  – Measures that drive private motorised mobility at a national, city and household level. 
Fundamental driver  National level  City level  Household level 
1. Per capita income       
GDP per capita  Yes  Yes   
Income per household      Yes 
      
2. Population and urban area       
In urban settlements  Yes  Yes   
Demographic structure  Yes  Yes  Yes 
Number of persons per household      Yes 
Urbanised area    Yes   
Density of population    Yes   
Density of households    Yes  Yes 
Location of residence    Yes  Yes 
      
3. Urban employment       
Urban labour force density    Yes  Yes 
Number of workers per household      Yes 
      
4. Urban transport infrastructure       
Total road network length  Yes  Yes   
Total rail network length    Yes   
      
5. Transport characteristics       
Automobile ownership and use  Yes  Yes  Yes 
Vehicle occupancy Yes  Yes  Yes 
Driving licence holders  Yes  Yes  Yes 
Vehicle saturation  Yes  Yes   
Public transport    Yes  Yes 
      
6. Sociology       
Culture Yes  Yes  Yes 
Behaviour Yes  Yes  Yes 
Attitude Yes  Yes  Yes 
 
2.6.1  Statistical analysis of the measures at a national and city level 
This section will examine the statistical relationships between the measures shown in Table 2.25 
and private motorised mobility.  As the measures may correlate in a non-linear way, this section 
will use one of four functions to describe the strongest statistical relationship: linear, power, 
logarithmic and exponential.  The equations for these functions are shown in Table 2.26.  The R
2 
value for the optimal function, the number of degrees of freedom and the significance of that 
function at the ≤0.05 level is shown in all tables.  The results of these statistical analyses will yield 
the key series of fundamental underlying measures that drive private motorised mobility.  It is 
from amongst these fundamental measures that the core components of a model that predicts   87 
private motorised urban mobility to a high degree of statistical reliability will be found.  In all 
tables “Independent data set” and “OECD member states” are a series of data sets developed by 
author to extend the understanding and knowledge of the relationship between relevant measures 
as noted throughout the chapter. 
Table2.26 – Equations for the statistical relationships used in the analyses 
Curve fit  Equation  Linearised Equation 
Linear – (lin) 
 
Power – (pow) 
 
Logarithmic – (log) 
 
Exponential – (exp) 
 
y = a0 + a1 x 
 
y = a0 x 
a1 
 
y = a0 + a1 log (x) 
 
y = a0 10
a
1
x 
 
y = a0 + a1 x 
 
log (y) = log (a0) + a1 log (x) 
 
y = a0 + a1 log (x) 
 
log (y) = log (a0) + a1 x 
 
GDP per capita and automobiles per 1,000 persons at a national and city level 
Table 2.27 shows the relationship between GDP per capita and average number of automobiles per 
1,000 persons at a national and city level. 
Table 2.27 – Relationship between GDP per capita and automobiles per 1,000 persons at a national and city level 
Relationship between GDP per 
capita and 
 
National 
level 
Degrees of 
freedom (n-2) 
Function R  square Significance 
at ≤0.05 
Automobiles per 1,000 persons. 
Ingram and Liu. 
 
 
 
1970 
1980 
1990 
 
 
48 
48 
48 
 
lin 
pow 
pow 
 
0.871 
0.888 
0.908 
 
Yes 
Yes 
Yes 
Dargay and Gately. 
 
1992 24 pow  0.946  Yes 
Independent data sets. 
International Road Federation. 
 
 
OECD member states. 
 
 
1970 
1998 
 
1970 
1980 
1990 
1998 
 
24 
34 
 
20 
20 
20 
20 
 
pow 
pow 
 
pow 
pow 
pow 
pow 
 
0.748 
0.383 
 
0.794 
0.743 
0.771 
0.678 
 
Yes 
Yes 
 
Yes 
Yes 
Yes 
Yes 
          
          
Relationship between GDP per 
capita and 
 
City 
level 
Degrees of 
freedom (n-2) 
Function R  square Significance 
at ≤0.05 
Automobiles per 1,000 persons 
All cities 
Cities with GDP/capita <$US10,000 
Cities with GDP/capita >$US10,000 
 
 
1990 
 
33 
3 
28 
 
pow 
lin 
pow 
 
0.599 
0.959 
0.159 
 
Yes 
Yes 
Yes 
All cities 
Cities with GDP/capita <$US10,000 
Cities with GDP/capita >$US10,000 
1995 81 
22 
57 
pow 
lin 
pow 
 
0.618 
0.771 
0.053 
 
Yes 
Yes 
No   88 
Source: Beyer (1973); Dargay and Gately (1999); Ingram and Liu (1998); IRF (1973 to 2002); IMF (2002); Kenworthy 
et al. (1999); Kenworthy and Laube (2001); OECD (1993). 
GDP per capita and automobile VKT per capita at a national and city level 
Table 2.28 shows the relationship between GDP per capita and annual average automobile vehicle 
VKT per capita at the national and city levels. 
Table 2.28 - Relationship between GDP per capita and annual average automobile vehicle VKT per capita at a national and 
city level 
Relationship between GDP per 
capita and 
 
National 
level 
Degrees of 
freedom (n-2) 
Function R 
square 
Significance 
at ≤0.05 
Automobile VKT per capita 
Independent data set 
International Road Federation. 
 
 
 
1970 
1980 
1990 
1995 
 
 
 
24 
21 
20 
27 
 
 
lin 
pow 
pow 
pow 
 
 
0.791 
0.887 
0.919 
0.838 
 
 
Yes 
Yes 
Yes 
Yes 
 
OECD member states. 
 
1970 
1980 
1990 
1995 
 
15 
15 
13 
16 
pow 
pow 
pow 
pow 
0.884 
0.737 
0.875 
0.696 
Yes 
Yes 
Yes 
Yes 
Relationship between GDP per 
capita and 
 
City 
level 
Degrees of 
freedom (n-2) 
Function R 
square 
Significance 
at ≤0.05 
Automobile VKT per capita 
All cities 
Cities with GDP/capita <$US10,000 
Cities with GDP/capita >$US10,000 
 
 
1990 
 
35 
3 
28 
 
pow 
lin 
pow 
 
0.617 
0.868 
0.067 
 
Yes 
No 
No 
All cities 
Cities with GDP/capita <$US10,000 
Cities with GDP/capita >$US10,000 
 
1995 81 
22 
57 
pow 
lin 
pow 
0.662 
0.721 
0.046 
Yes 
Yes 
No 
Source: Beyer (1973); Ingram and Liu (1998); IRF (1973 to 2002); IMF (2002); Kenworthy et al. (1999); Kenworthy 
and Laube (2001); OECD (1993). 
The small number of cities, 5, in the 1990 data set with a GDP per capita less than $US10,000 may 
distort the analysis.  The results show that, at a national level, GDP per capita appears to have a 
strong positive association with automobile ownership and use, with some variation depending on 
the data sets employed and the year of data used.  However, at a city level, the strength of this 
positive relationship breaks down to a significant degree with maximum R
2 values for all cities 
significant at around 0.6.  When the wealthy cities (GDP/capita >$US10,000) are separated from 
the lower income cities (GDP/capita <$US10,000), this observation becomes even stronger with 
R
2 values from 0.7 to 0.9.  The relationships in the wealthy cities (GDP/capita >$US10,000) only 
are not significant at the ≤0.05 level giving R
2 values from around 0.05 to 0.15.  This suggests that 
in these cities GDP per capita does not act alone in influencing automobile ownership and use.   89 
Population density and automobiles per 1,000 persons and automobile VKT per capita at a city 
level 
Table 2.29 shows the relationship between total metropolitan population density (persons per 
urban sqkm) and the average number of automobiles per 1,000 persons and annual average 
automobile VKT per capita at the city level. 
Table 2.29 - Relationship between total metropolitan population density and automobile ownership and use at a city level 
Relationship between population 
density and 
 
City 
level 
Degrees of 
freedom (n-2) 
Function R  square Significance 
at ≤0.05 
Automobiles per 1,000 persons 
 
 
 
All cities 
Cities with GDP/capita <$US10,000 
Cities with GDP/capita >$US10,000 
 
1960 
1970 
1980 
 
1990 
 
36 
43 
43 
 
43 
3 
28 
exp 
exp 
exp 
 
exp 
exp 
exp 
0.721 
0.801 
0.803 
 
0.828 
0.459 
0.797 
Yes 
Yes 
Yes 
 
Yes 
No 
Yes 
 
All cities 
Cities with GDP/capita <$US10,000 
Cities with GDP/capita >$US10,000 
 
1995 81 
22 
57 
exp 
pow 
exp 
0.536 
0.519 
0.394 
Yes 
Yes 
Yes 
Relationship between population 
density and 
 
City 
level 
Degrees of 
freedom 
Function R  square Significance 
at ≤0.05 
Automobile VKT per capita 
 
 
 
All cities 
Cities with GDP/capita <$US10,000 
Cities with GDP/capita >$US10,000 
 
1960 
1970 
1980 
 
1990 
25 
34 
40 
 
43 
3 
28 
pow 
exp 
pow 
 
exp 
exp 
exp 
0.693 
0.804 
0.808 
 
0.819 
0.633 
0.774 
Yes 
Yes 
Yes 
 
Yes 
No 
Yes 
All cities 
Cities with GDP/capita <$US10,000 
Cities with GDP/capita >$US10,000 
 
1995 81 
22 
57 
pow 
exp 
pow 
 
0.621 
0.514 
0.817 
 
Yes 
Yes 
Yes 
Source: Beyer (1973); Kenworthy et al. (1999); Kenworthy and Laube (2001). 
The small number of cities, 5, in the 1990 data set with a GDP per capita less than $US10,000 may 
distort the analysis.  However, all other data sets analysed show a strong negative relationship 
between urban population density and automobile ownership and use at the city level.  Also the 
relationship is strong across the time series, 1960 to 1995.   90 
Employment density and automobiles per 1,000 persons and automobile VKT per capita at a city 
level 
Table 2.30 shows the relationship between metropolitan employment density (total jobs per urban 
sqkm) and the average number of automobiles per 1,000 persons and annual average automobile 
VKT per capita at the city level. 
Table 2.30 - Relationship between employment density and automobiles per 1,000 persons and VKT per capita at a city 
level 
Relationship between employment 
density and 
City 
level 
Degrees of freedom 
(n-2) 
Functio
n 
R square  Significance 
at ≤0.05 
Automobiles per 1,000 persons 
 
1960 
1970 
1980 
1990 
1995 
 
30 
38 
42 
43 
81 
log 
exp 
exp 
exp 
exp 
0.514 
0.576 
0.655 
0.729 
0.782 
Yes 
Yes 
Yes 
Yes 
Yes 
Relationship between employment 
density and 
City 
level 
Degrees of freedom  Functio
n 
R square  Significance 
at ≤0.05 
Automobile VKT per capita 
 
1960 
1970 
1980 
1990 
1995 
 
22 
31 
40 
43 
81 
pow 
log 
exp 
exp 
exp 
0.585 
0.676 
0.679 
0.728 
0.808 
Yes 
Yes 
Yes 
Yes 
Yes 
Source: Beyer (1973); Kenworthy et al. (1999); Kenworthy and Laube (2001). 
At the city level there is a strong negative relationship between employment density and 
automobile ownership and use from 1960 to 1995.  This relationship shows a link between 
decentralisation of urban employment and personal mobility as discussed in this chapter. 
Road and rail infrastructure and automobiles per 1,000 persons and automobile VKT per capita at a 
city level 
Tables 2.31, 2.32 and 2.33 show the relationship between the measure road and rail infrastructure 
(metres of infrastructure per capita) and average number of automobiles per 1,000 persons and 
annual average automobile VKT per capita at the city level. 
Table 2.31 - Relationship between road infrastructure as road metres per capita and automobiles per 1,000 persons at a city 
level 
Relationship between road metres 
per capita and  
 
City 
level 
Degrees of freedom 
(n-2) 
Function R  square Significance 
at ≤0.05 
Automobiles per 1,000 persons 
 
1960 
1970 
1980 
1990 
1995 
28 
34 
38 
43 
81 
pow 
pow 
pow 
pow 
pow 
0.257 
0.668 
0.753 
0.762 
0.748 
Yes 
Yes 
Yes 
Yes 
Yes 
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Source: Beyer (1973); Kenworthy et al. (1999); Kenworthy and Laube (2001). 
 
Table 2.32 - Relationship between road infrastructure as road metres per capita and automobile VKT per capita at a city 
level 
Relationship between road metres 
per capita and  
 
City 
level 
Degrees of freedom 
(n-2) 
Function R  square Significance 
at ≤0.05 
Automobile VKT per capita 
 
1960 
1970 
1980 
1990 
1995 
21 
30 
36 
43 
81 
pow 
pow 
pow 
pow 
pow 
0.410 
0.718 
0.779 
0.792 
0.738 
Yes 
Yes 
Yes 
Yes 
Yes 
 
Source: Beyer (1973); Kenworthy et al. (1999); Kenworthy and Laube (2001). 
In Tables 2.31 and 2.32 the statistical analysis shows that there is a strong positive relationship 
between road infrastructure and automobiles per 1,000 persons and automobile use expressed as 
annual average automobile VKT per capita at the city level.  Again this strong relationship is 
maintained throughout the assessment period 1960 to 1995. 
Table 2.33 - Relationship between rail infrastructure and automobiles per 1,000 persons and VKT per capita at a city level 
Relationship between rail metres 
per capita and 
 
City 
level 
Degrees of freedom 
(n-2) 
Function R  square Significance 
at ≤0.05 
Automobiles per 1,000 persons 
 
1990 
1995 
35 
69 
pow 
pow 
 
0.114 
0.199 
 
Yes 
Yes 
Automobile VKT per capita 
 
1990 
1995 
 
35 
69 
pow 
pow 
0.046 
0.110 
No 
Yes 
Source: Beyer (1973); Kenworthy et al. (1999); Kenworthy and Laube (2001). 
In Table 2.33 the positive relationship between rail infrastructure, rail metres per capita, and 
automobile ownership and use is not as clearly defined as shown by the relationship’s significantly 
weaker R
2 values.  The data availability is only for 1990 and 1995, which may place limitations on 
this statistical analysis. 
Public transport boardings and vehicle kilometres of service per capita and automobile ownership 
and use at a city level 
Table 2.34 and Table 2.35 show the relationship between the annual average public transport 
boardings per capita and vehicle kilometres of service per capita, and the average number of 
automobiles per 1,000 persons and annual average automobile VKT per capita at the city level 
respectively. 
   92 
Table 2.34 - Relationship between public transport boardings per capita and automobiles per 1,000 persons and automobile 
VKT per capita at a city level 
Relationship between public 
transport boardings per capita 
and  
 
City 
level 
Degrees of freedom 
(n-2) 
Function R 
square 
Significance 
at ≤0.05 
Automobiles per 1,000 persons 
 
1960 
1970 
1980 
1990 
1995 
 
29 
33 
40 
43 
81 
exp 
exp 
log 
exp 
exp 
0.687 
0.723 
0.585 
0.482 
0.095 
Yes 
Yes 
Yes 
Yes 
Yes 
Automobile VKT per capita 
 
1960 
1970 
1980 
1990 
1995 
 
21 
28 
39 
43 
81 
exp 
exp 
exp 
exp 
exp 
0.768 
0.747 
0.791 
0.711 
0.263 
Yes 
Yes 
Yes 
Yes 
Yes 
Source: Beyer (1973); Kenworthy et al. (1999); Kenworthy and Laube (2001). 
 
Table 2.35 - Relationship between public transport vehicle kilometres of service per capita and automobiles per 1,000 
persons and automobile VKT per capita at a city level 
Relationship between public 
transport vehicle kilometres 
of service per capita and  
 
City 
level 
Degrees of freedom 
(n-2) 
Function R  square Significance 
at ≤0.05 
Automobiles per 1,000 
persons 
 
1960 
1970 
1980 
1990 
1995 
 
29 
33 
40 
43 
81 
exp 
exp 
exp 
exp 
exp 
0.589 
0.606 
0.520 
0.416 
0.067 
Yes 
Yes 
Yes 
Yes 
Yes 
Automobile VKT per capita 
 
1960 
1970 
1980 
1990 
1995 
 
29 
33 
40 
43 
81 
exp 
exp 
exp 
exp 
exp 
0.599 
0.652 
0.709 
0.648 
0.172 
Yes 
Yes 
Yes 
Yes 
Yes 
Source: Beyer (1973); Kenworthy et al. (1999); Kenworthy and Laube (2001). 
In this series of analyses the weakness of the R
2 values in the 1995 data sets may be attributed to 
the data set’s increased number of developing cities.  The 1990 data set contains 5 developing 
cities from the data set’s 45 cities, where as in the 1995 data there were 24 from 83 cities.  Overall 
there is a weakening of this negative relationship between automobile ownership and use and a 
series of public transport measures at the city level.  This may also suggest a general reduction in 
public transport across a broad spectrum of cities. 
2.6.2  Household level statistical analysis of measures 
This section reviewed fifteen household travel surveys from cities around the world and developed 
a series of composite independent household data sets as shown in Appendix 4.  It should be noted   93 
that these data sets are limited in the breadth of data available.  In addition, the author had no 
control over the quality and standardisation procedures used by each independent source.  Under 
these circumstances, a statistical analysis similar to the city level does not appear practical.   
However, in several individual cities two prominent relationships discussed in the literature 
between number of persons and workers per household and automobiles per household are 
descriptively shown in Table 2.36 and Table 2.37. 
Table 2.36 - Relationship between persons and automobiles per household in a selection of cities 
City  Years  Persons per household  Automobiles per household 
Copenhagen 
Hamburg 
Hong Kong 
London 
Munich 
San Francisco 
Singapore  
Stockholm 
 
1989 to 2000 
1971 to 1999 
1985 to 2001 
1981 to 2000 
1971 to 2000 
1960 to 1990 
1980 to 2000 
1971 to 2000 
Steady 
Decreasing 
Decreasing 
Steady 
Decreasing 
Decreasing 
Increasing 
Decreasing 
Very slight increase 
Increasing 
Increasing 
Slight decrease 
Increasing 
Increasing 
Increasing 
Increasing 
 
 
Table 2.37 - Relationship between workers and automobiles per household in a selection of cities 
City  Years  Persons per household  Automobiles per household 
Copenhagen 
Hamburg 
London 
Munich 
San Francisco 
Singapore 
Stockholm 
 
1989 to 2000 
1971 to 1999 
1981 to 2000 
1971 to 2000 
1960 to 1990 
1980 to 2000 
1971 to 2000 
Steady 
Decreasing 
Decreasing 
Decreasing 
Increasing 
Increasing 
Decreasing 
Very slight increase 
Increasing 
Slight decrease 
Increasing 
Increasing 
Increasing 
Increasing 
 
 
2.6.3  Summary overview statement 
The foregoing analyses of the relationships provides some clear direction as to the relative 
importance of the measures that drive private motorised mobility particularly at the city level.  Of 
the measures shown in Table 2.25 this analysis indicates those measures that are more prominent 
in influencing the development of a model equation for private motorised mobility in an urban 
environment.  The analysis also supports the impact of the measures despite the passage of time. 
2.7  Chapter summary and conclusion  
This chapter has identified and described a series of measures that drive private motorised mobility 
at the national, city and household levels in both more developed and less developed countries. 
Firstly, there was a broad overview of an increasing global movement of people to urban 
settlements and some general implications for automobile ownership and use.  A constant increase   94 
in urban population expands the size of metropolitan areas, causes rapidly increasing total travel 
and congestion.  In concert with this growth there has been an increase in personal affluence or per 
capita income (expressed here as GDP per capita), which has significant implications for modal-
choice amongst these burgeoning urban populations.  This increased affluence is placing a greater 
value on the time-of-travel, shifting modal-choice from slower to quicker and more personalised 
modes of mobility. 
Secondly, after reviewing the current literature at the national, city and household level the chapter 
established a series of broad factors that drive private motorised mobility: per capita income, urban 
population and employment, urban transport and infrastructure and transportation policy.   
Underpinning and representing these factors are a series of measures that form the drivers of 
private motorised mobility. 
Thirdly, using previously analysed data sets found in the literature and a series of data sets that 
were assembled by the author from various sources, a statistical analysis confirmed the 
significance of a series of measures and identified these as fundamental underlying drivers of 
private motorised urban mobility.  This has enabled the thesis to focus on what appears to be most 
relevant to a modelling exercise aimed at understanding and predicting private motorised urban 
mobility using aggregate metropolitan area data (as distinct from analyses at a national or 
household level). 
This thorough analysis has been necessary due to the wide range of opinions and results about 
what is important and what is not important in the observed patterns of transport around the world.  
The different analyses operate at different levels – national, city and household – and this chapter 
has teased out what is important at a city level.  It also demonstrates the measures are consistent in 
driving private motorised mobility despite the passage of time. 
It is also clear from the evidence presented that there are a number of other measures, while not 
statistically analysed, which are important in obtaining a clear and unambiguous understanding of 
what drives private motorised mobility.  These other measures are: 
•  Population demographics and the structure of households 
•  The location of households in the metropolitan urbanised area 
•  The number and gender ratio of licensed drivers in any population 
•  Saturation of automobile ownership 
•  Changes in the preferred type of private passenger vehicle 
•  Social measures such as politics, cultural and ethnic background, preferences and perceptions, 
and ingrained habits.   95 
Fourthly, it is clear that any one measure does not act alone, but acts in some cumulative 
combination, and it is this combination of measures that ultimately drives private motorised 
mobility.  The identification of these measures, singularly or in some cumulative combination, as 
fundamental drivers of private motorised mobility, and distinguishing them at the national, city 
and household level, is important in establishing a critical pathway forward for this thesis, which 
focuses on understanding the forces driving transport mobility at the city level.  The measures 
defined in this chapter will form the cornerstones of the development of a model that predicts 
private motorised urban mobility to a high degree of statistical reliability, using aggregate 
metropolitan data that are generally available or able to be generated in most cities. 
The chapter concludes that the measures shown in Table 2.38 are the fundamental underlying 
drivers of private motorised mobility. 
Table 2.38  – The fundamental drivers of private motorised mobility at national, city and household levels. 
Fundamental driver  National level  City level  Household level 
1. per capita income       
GDP per capita  Yes  Yes   
Income per household      Yes 
      
2. Population and urban area       
Density of metropolitan population    Yes   
Density of households      Yes 
Number of persons per household      Yes 
Urbanised metropolitan area    Yes   
      
3. Urban employment       
Density of urban employment    Yes  Yes 
Number of workers per household      Yes 
      
      
4. Urban transport infrastructure       
Total road network length  Yes  Yes   
Total rail network length    Yes   
      
5. Transportation characteristics       
Public transport    Yes  Yes 
      
6. Other measures       
Demographic structure  Yes  Yes  Yes 
Location of household    Yes  Yes 
      
Type of motorised vehicle  Yes  Yes  Yes 
Automobile occupancy Yes  Yes  Yes 
Driving licence holders  Yes  Yes  Yes 
Saturation of automobile 
ownership 
Yes Yes   
      
Culture, preferences, perceptions  Yes  Yes  Yes 
Politics, behaviour  Yes  Yes  Yes 
Attitude, ingrained habits  Yes  Yes  Yes 
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CHAPTER THREE 
 
REVIEW OF UNDERLYING MEASURES THAT DRIVE PUBLIC 
TRANSPORT AND NON-MOTORISED MOBILITY AT A NATIONAL, 
CITY AND HOUSEHOLD LEVEL 
 
3.1 Introduction 
This chapter undertakes a review of the literature on the underlying measures that drive both 
public transport and non-motorised mobility.  A clear grasp of these measures is essential for the 
development of a second and third module of the urban mobility model proposed in this thesis.  
This review will mainly focus on public transport and non-motorised mobility at a city level.  
However, it is also important to consider a wider view that relates to a national and household 
level perspective.  Although overall national trends in urban travel are generally headed in a fairly 
uniform direction, more private motorised travel, the importance of public transport and its service 
delivery is a major plank of national transport policy and as such will have flow-on implications at 
the city level (OECD and EMCT, 1995; Pucher and Lefèvre, 1996).  This review uses a broad 
description of public transport that includes all forms of buses, trains, trams and ferries 
(Kenworthy et al., 1999).  The review also includes non-motorised transport, which, in more 
developed regions, comprises walking and bicycling.  However, in less developed regions it may 
be a combination of walking and bicycling, bicycle-rickshaws, jinrikishas (two-wheeled human 
drawn carriage) and various types of animal carts and carriages (World Bank, 1995; Cervero, 
2000). 
In order to undertake this review thoroughly, there is first a very broad overview of some key 
insights into public transport and non-motorised mobility to consider.  This will provide a valuable 
contrast to private motorised mobility, which was extensively discussed in Chapter 2.  Following 
these broad insights, there is a more detailed review of what the literature proposes as the 
measures that drive public transport and non-motorised mobility at a national, city and household 
level.  The literature is reviewed from both academic and professional sources.  This will include 
reviews of various physical and selected economic measures that can typically be enumerated at a 
‘whole city’ level.  As well as these mostly quantitative factors, the importance of other less easily   97 
measured factors cannot be overlooked in any thorough analysis of the factors that drive public 
transport and non-motorised mobility at the city level.  In the literature, there is constant reference 
to numerous human, social and management factors and how these factors influence a city’s public 
transport and non-motorised mobility.  These human, social and management factors are usually 
described at a micro-level and among the most prominent are: 
•  Government policy and strategies that encourage non-automobile transport, the “Green” 
politics and its related transport policies 
•  Quality and efficiency of the service that is related to the comfort of passengers, integration of 
services and networks, convenience of passenger stops and interchange systems, maintenance 
of the timetable, frequency of service and limited waiting time 
•  Personal safety and security of passengers using public transport 
•  Passenger information systems such as timetables and in-service information during the 
journey. 
Many of these factors are complex and difficult to evaluate and / or model in an urban systems 
model focussed on aggregate citywide data.  However, an examination and discussion of their 
capacity to influence a city’s public transport and non-motorised mobility will be given throughout 
this review.  These factors were, nevertheless, not utilised in the development of the second and 
third modules of the urban transport mobility model in this research, as standardised data sets were 
not available in the current literature. 
The third section of this review chapter conducts a statistical analysis on the measures considered 
to drive public transport and non-motorised mobility.  The current literature allows a combination 
of information such that several new data sets were created that extend and develop the knowledge 
in this field.  A number of independent data sets from sources within the literature have been, for 
the first time, drawn together in order to undertake a more detailed examination and statistical 
appraisal of the factors underpinning public transport and non-motorised mobility.  The major 
sources utilised were United Nations (1979 to 2001); European Conference of Ministers of 
Transport (1995); Kenworthy et al. (1999); European Commission (2000); American Public 
Transit Association (2001); Kenworthy and Laube (2001); International Monetary Fund (2001) 
and International Road Federation (1975 to 2002).  It should be noted that throughout this chapter 
not all data were available for every country, city and household data set in each year and that 
there was no data extrapolation between years.  The values are only shown when full data sets 
were available. 
The chapter concludes by proposing a set of factors that appear to drive public transport and non-
motorised mobility at a national and city level.   98 
3.2  Broad insights into public transport and non-motorised mobility at a 
national and city level 
3.2.1  National level public transport mobility 
Every country suffers to some extent from transportation problems, but the overall severity varies 
considerably, even within each individual country and its urban environments.  There is 
considerable disparity in public transport systems and use, as well as, in non-motorised mode 
infrastructure and participation across both more and less developed countries and cities.  The 
world’s metropolitan areas, especially in rapidly industrialising parts of the world, are struggling 
to accommodate an ever-increasing population growth, and as urbanised areas expand and reduce 
in density, this tends to promote a reliance on private automobile use, as described in Chapter 2.  
This combination has a capacity to undermine the ability of public transport systems to sustain and 
provide the services on which many urban dwellers rely for a portion or the bulk of their daily 
mobility needs (Pucher and Lefèvre, 1996; Banister, 1997 and 1997a; World Bank, 2000c; 
WBCSD, 2001).  Pucher and Lefèvre (1996:20) show the trend in public transport use for 14 
countries in Europe and North America from 1970 to 1992.  This selection of countries shows a 
dramatic picture of both increasing and decreasing public transport ridership during the 
investigation period, indicating that trends in public transport varied by country and over time. 
“It is noteworthy that Britain is the only country that experienced a steady decline in 
public transport use during the entire period, with 1992 ridership only 80 per cent of 
its 1980 level, and only two-thirds of its 1975 level.  All other reporting countries 
experienced increased use during the decade of the 1970s. 
Since 1980, the record has been mixed.  Some countries, such as Austria, 
Czechoslovakia and the Netherlands, saw continued growth in public transport use 
until 1992.  Hungary and Poland had increased use until 1985 (in fact, until the 
overthrow of Communism in 1988 and 1989), but since then have suffered dramatic 
declines.  Italy’s public transport systems lost almost a quarter of their passengers 
between 1980 and 1990.  Public transport use changed only slightly in the USA, 
whereas in Canada there was a substantial increase until 1990 and then a considerable 
fall.” (Pucher and Lefèvre, 1996:19-20). 
3.2.2  City level public transport mobility 
The vast majority of cities reporting to the OECD’s urban travel study in the early 1990s, indicated 
that their automobile and public transport modal share split (based on mechanised mode of travel 
as passenger kilometres) was overwhelmingly biased towards the automobile, and in most cities   99 
the public transport share is well below 20% (OECD and EMCT, 1995).  Even so, an analysis of 
recent tendencies in European and North American metropolises was showing encouraging 
upward trends for public transport systems and service, especially in the denser areas of many 
cities.  Overall, these trends show that public transport’s market share can make-up around one-
third of all daily urban trips in a metropolitan area, with more than half of these trips in denser city 
centres (Steiner, 1994; Velhelmson, 1999; EMTA, 2000; DfT, 2003). 
It is suggested, particularly at a city level, that public transport (and non-motorised mobility) offers 
social cohesion, where people without cars, in particular low income groups or younger or elderly 
people, need to have daily access to economic opportunities and social activities (European 
Commission, 1997; Barter, 1998; Allport, 2000; Polk, 2001). 
3.2.3  Non-motorised mobility: walking 
Non-motorised transport modes, such as walking and bicycling, do not receive much attention in 
transportation research, which is attributed to their modest and mostly declining market share or in 
some cases their perceived modest market share (Thomson, 1977; Rietveld, 2000), even though 
every journey commences with walking, such as to an automobile, to a bus or tram stop or to a rail 
system’s station (Vasconcellos, 2001).  For example, in American cities, “From 1977 to 1995, 
walking’s share of urban trips fell from 9.3% to only 5.5%.” (Pucher and Dijkstra, 2000:3).  In 
contrast, walking trips as a proportion of the total trips (journeys) in many European cities is as 
high as 40% and about 70% in some less developed cities (Pucher and Lefèvre, 1996; European 
Commission, 1998; World Bank, 2000c; Gaffron, 2001; Rwebangira, 2001).  In very low per 
capita income cities, non-motorised trips can account for as much as 90% of total trips (Replogle, 
1991; Hook and Replogle, 1996).  In a case study of Delhi, typical for Indian cities, Tiwari notes 
that amongst people with an average household income of $US40 per month (classified as poor), 
daily trips by walking were at about 30% and bicycle near 40% of the total modal share of all daily 
person trips (Tiwari, 2001). 
3.2.4  Non-motorised mobility: bicycling 
In American cities, “From 1977 to 1995 bicycling’s share of urban trips rose slightly, from 0.6% 
to 0.9%, but still accounts for less than one percent of trips.” (Pucher and Dijkstra, 2000:3).  By 
contrast, in Europe the proportion of total trips made by bicycling ranges from around 2% in 
England to 30% in the Netherlands (European Commission, 1998 and 2000; Pucher and Dijkstra, 
2000).  On a global basis, especially in many less developed regions, bicycling is strongly   100 
influenced by personal affluence and cultural attitudes (Vascocellos, 2001).  In India, for example, 
bicycling is socially not acceptable for women, while in Africa, many cultures have a very 
negative attitudes towards bicycling (Halcrow Fox, 2000; World Bank, 2000e; Rwebangira, 2001; 
Tiwari, 2001).  As well, in many less developed regions personal income, gender and cultural 
backgrounds play important roles in a choice between using public transport or either walking and 
bicycling (Halcrow Fox, 2000; World Bank, 1995, 2000c and 2000e; Vasconcellos, 2001). 
In summary, this broad perspective has shown a considerable unevenness in public transport and 
non-motorised mobility across developed and less developed countries and urban areas.  The 
evidence so far has opened a number of pathways to a more comprehensive literature review of 
what constitutes the current underlying measures that drive public transport and non-motorised 
mobility. 
3.3  What are the measures that drive public transport mobility at the 
national and city level? 
3.3.1 Introduction 
Public transport systems are struggling against private motorised mobility modes to gain market 
share across more developed and in many less developed regions and cities.  An overview of this 
scenario suggests that the decline in market share of public transport is linked, at least in part, to 
urban population growth and spatial expansion and economic growth, and that this has been 
gradually unfolding since the 1970s.  Throughout the OECD member-states from about 1970 to 
the mid-1990s, a continued increase in per capita income was accompanied by a decline in the real 
costs of automobile ownership and use.  However, this occurred at the expense of alternative non-
automobile transportation modes, and it is offered as a strong contributing force to the decline of 
many urban public transport systems (OECD and ECMT, 1995).  Another significant contributory 
factor was the extensive relocation of commercial and business activities from the central core area 
of cities to their outer suburbs.  Households moving into these burgeoning outer suburban areas 
have further encouraged this relocation of the urban employment market  This suburbanisation of 
many interlinked commercial and private interests has proven a disaster for public transport 
systems.  These new outer suburban areas are highly dispersed, consisting of low population and 
housing densities that have proven, in the main, difficult for public transit to operate in and offer 
commuters a viable high quality alternative non-automobile transportation service.  However,   101 
there are exceptions, for example, those described by Cervero (1998:5-6) in The Transit 
Metropolis: A Global Inquiry, and these will be explored in more detail throughout this chapter. 
The following review examines the measures identified in the literature as being important in 
determining public transport and non-motorised mobility.  Each measure is considered for its 
application or relevance at a national and city level and, where possible, at the household level. 
3.3.2  Per capita income and automobiles 
This section examines how an established relationship between per capita income and automobile 
ownership and use, acts as a linkage that drives public transport use at a national and city level.  
People need to travel daily irrespective of their vast differences in culture, wealth and means of 
transportation.  However, notwithstanding these differences and unevenness in patterns of daily 
mobility, there is increasing evidence, predominantly due to increasing personal affluence, that 
most countries and cities seem to be headed in the same direction of more personal motorised 
vehicle ownership and use.  Public transport patronage has either fallen or stagnated, so that 
personal transportation becomes ever more oriented to automobiles and motorcycles (Hook and 
Replogle, 1996; Pucher and Lefèvre, 1996; Schafer, 1998; Barter, 1999; Gilbert, 2000; 
Willoughby, 2000; WBCSD, 2001).  Giuliano (1999) puts it succinctly by noting that automobile 
ownership and use is increasing, total travel is increasing, and this has come at the expense of 
public transport systems. 
National level perspectives on per capita income, automobiles and public transport mobility 
This section describes the influence of per capita income and automobiles on public transport at a 
national level.  A Transportation Research Board (TRB) (2001) study of insights into why transit 
use is low in American cities compared with their counterparts in Europe and Canada shows that 
automobile ownership levels have more than tripled in Europe during the past three decades 
(1970s to 1990s), “with cars becoming the main mode of personal transport for most Western 
Europeans.” (p14).  Even so, they suggest that automobile use has not grown as rapidly as 
automobile ownership and under this scenario remarkably “transit use remains strong as compared 
with the United States.” (p14). 
Table 3.1 examines these issues by showing a comparison between automobile and bus VKT per 
capita for the United States and Europe and, for completeness of this review, a selection of less   102 
developed countries from 1970 to 1998.  These data are drawn together by the author for the first 
time from a number of independent sources and are shown in full in Appendices 4 and 6. 
Table 3.1 – A comparison between automobile and bus VKT per capita in the USA, Europe and a selection of less 
developed countries from 1970 to 1998 
Region  Measure  1970 1975 1980 1985 1990 1995 1998 
USA Auto  VKT/capita  7,193  7,703 7,854 8,413 9,032 8,709 9,185 
Europe Auto  VKT/capita  2,305 2,837 3,575 4,369 4,835 5,551 6,250 
Less  developed  Auto  VKT/capita NA 542 415 526 469 722 606 
           
USA Bus  VKT/capita  39.6  38.4 43.2 46.8 43.8 40.3  NA 
Europe Bus  VKT/capita  51.7 55.5 62.5 66.0 73.2 71.9  NA 
Less developed  Bus VKT/capita  NA 32.8 70.2 89.3  NA  103.1  NA 
Note (1): In this data set not every country’s values were available in every year from the sources.  For comparative 
purposes over time, Europe is Finland, France, Germany, England, Italy and Netherlands in each year.  The selected 
less developed countries are Argentina, Chile, Colombia, South Africa, South Korea and Thailand.  NA is not sufficient 
data available. 
Note (2): It should be noted that a 1 bus vehicle kilometre is not equivalent to 1 automobile kilometre, since a bus is 
providing potential service to many people.  Nevertheless, the data indicate to what extent bus service provision has 
been expanding relative to automobile travel. 
Source: IRF (1975 to 2002), UN (1975 to 2001). 
Table 3.1 shows that overall, bus VKT per capita in the United States really stagnated in the 25-
year period between 1970 and 1995.  This occurred with some fluctuations, showing a decline 
from its peak in 1985, but constantly at levels well below similar European values.  This pattern of 
bus VKT per capita in the United States parallels a similar pattern of decline in public transport 
ridership explored by Pucher and Lefèvre (1996:20).  By comparison over this same period, 1970 
to 1995, the selected European countries demonstrated a significant annual growth in automobile 
VKT per capita of 3.5%, but with some growth also in their level of bus VKT per capita of 1.3%.  
In the selected less developed countries, albeit with a small sample, bus VKT per capita shows a 
steady increment of 5.7% per annum over the twenty year period, 1975 to 1995, against a 1.4% 
increase in their automobile VKT per capita. 
A commonly cited reason for the difference between public transport usage in the United States 
and Europe is that European governments provide significant financial incentives to public transit 
operators, coupled with many other transit-supportive policies and practices.  For many years 
European governments have placed high taxes on automobiles, and particularly automotive fuel 
(OECD and EMCT, 1995; TRB, 2001).  Also European culture, Government strategies and Green 
politics, and protection of historical areas have all played their part in the provision of convenient 
and efficient, high quality viable alternatives to automobile-only mobility (Pucher and Lefèvre, 
1996; Pucher, 1997; Fontana, 1999; Bannister, 2002).  European transport strategies and policies 
are further fostered by strong commitments to integrated transportation sector planning that   103 
encourages public transit and non-motorised travel, while imposing restraints on automobile use 
(Pucher, 1997; Ahlstrand, 1998; Cervero, 1998; Fontana, 1999; TRB, 2001). 
Figure 3.1 shows the relationship between automobile and bus VKT per capita for a selection of 
more developed and less developed countries between 1970 and 1995, in order to expand the 
perspective in Table 3.1.  The data are drawn together by the author from a number of independent 
sources that are shown in Appendices 4 and 6. 
Figure 3.1 – A comparison between automobile and bus VKT per capita for a selection of more and less developed 
countries from 1970 to 1995 
 
Source: ECMT (1995), IRF (1975 to 2002), UN (1975 to 2001), USDoT (1970 to 2003). 
Figure 3.1 shows a considerable level of variation in the values of national motorised mobility per 
capita across the globe from 1970 to 1995.  The United States, as expected, dominates with the 
highest value of motorised mobility per capita.  During the 25-year investigation period, 
America’s automobile VKT per capita increased at an annual growth rate of about 0.8%, with its 
corresponding bus VKT per capita generally stagnant at a growth rate of less than 0.1%.  Of 
interest is an examination of the European neighbours, Denmark and the Netherlands, that shows 
noticeable differences in the pattern of their overall per capita mobility.  In this investigation 
period, both countries have similar levels of automobile use, however bus VKT per capita in the 
Netherlands is comparable to that of the United States, but Denmark’s bus VKT per capita 
compares favourably with several of the selected less developed countries.  Caution is urged in 
reading too much into this bus only portion of the public transport network, as each country has 
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rail networks and tram systems that play important roles in their respective overall public transport 
mobility (ECMT, 1995). 
Over the same 25-year general band (although the years vary), the selected less developed 
countries: Chile, South Korea and Thailand show significant annual increases of between 11 and 
13% in their values of automobile VKT per capita and simultaneously their growth in public 
transport (bus) VKT per capita ranges from about 2% to nearly 7%.  In many less developed 
countries, there are several noteworthy measures that characterise and influence personal mobility.  
Firstly, there is an intense desire of a burgeoning affluent middle-class for private automobile 
ownership (Vasconcellos, 1997; Gakenheimer, 1999).  Secondly, bus transport systems in 
comparison with elsewhere are particularly important and the main mode of personal mobility.  
For example, in India around 40% of urban trips are by bus, whereas in Pakistan bus travel 
accounts for upward of 80% of public transport trips (Cervero, 1998, Vasconcellos, 2001).   
Thirdly, many commentators suggest that per capita income is a significant determinant of daily 
personal travel decisions and behaviour, especially amongst the urban poor (Vasconcellos, 1997; 
Barter, 1998; Schafer, 1998; Allport, 2000).  The mode of daily travel in many less developed 
countries is highly variable, a switch from bus to walking and back again is common practice as 
personal wealth, and household income varies from day-to-day.  Finally, a strong informal public 
transit service, paratransit, can develop in these regions when and where no formal public transport 
system or network exists.  The suggested carrying capacity of these informal paratransit systems 
varies from 20 to 50% of the total public transport demand (World Bank, 1995; Shimazaki, and 
Rahman, 1996; Allport, 2000; Cervero, 2000).  Cervero (2000) classifies paratransit into five 
classes and various combinations of these classes are found throughout developing cities across 
the globe.  The classes are: 
•  Class 1 – informal buses carrying between 25 and 100-plus customers are plying Brazilian 
cities and the streets of Havana. 
•  Class 2 – a mix of minibuses, jeeps and passenger carrying trucks carrying between 12 to 24 
riders which are found in Manila, Nairobi, Jakarta, Hong Kong, Caracas and Mexico City. 
•  Class 3 – station wagons, sedans, pick-up trucks and locally designed four-wheeled carriers 
carrying between 4 to 11 passengers.  Examples of these are found in Hanoi and Surabaya. 
•  Class 4 – three-wheelers accommodating 2 to 4 passengers such as Bangkok’s tuk-tuks, 
Manila’s motorised tricycles and Jakarta’s bajajs.  Also included here are motorcycle taxis 
called ojeks in Indonesia, okada in Nigeria and moto-dub in Cambodia. 
•  Class 5 – all forms of non-motorised services including three-wheel pedal power vehicles 
termed becaks in Jakarta and rickshaws in Dhaka.  Horse powered four-wheelers called 
calesas in Manila, tongas in India and trolley-skates in the Philippines. (Cervervo, 2000).   105 
Schafer (1998), in investigating global demand for total mobility, examines the separate modal 
shares for automobiles, buses, rail and aircraft in a selection of world regions over four decades 
from 1960s to 1990s.  Table 3.2 shows this modal share for automobiles, buses and rail in the 
region of North America, Europe and a grouping of less developed countries.  These values are 
more relevant when read in conjunction with the GDP per capita of each grouping of countries 
(IMF, 2002). 
Table 3.2 – A comparison of regional modal share for automobiles, buses and rail as a % of total trips, with annual average 
GDP/capita for 1960, 1970, 1980 and 1990 for selected groups of countries 
Percent share 1960  Percent share 1970  Percent share 1980  Percent share 1990  Region 
Mode  car bus rail car bus rail car bus rail car bus rail 
Nth  America  88.5 5.4 2.8  87.3 4.2 1.3  84.4 4.1 1.1  81.7 3.4 0.9 
Europe  54.0 19.6 23.6 71.7 12.4 11.7 72.4 12.0  9.2 72.0 12.1  7.3 
Dev.  Countries  av.  18.3 61.1 19.8 24.5 60.0 13.1 28.5 56.0 10.9 26.9 59.3  9.3 
 
  Annual average regional GDP/capita in $US at current prices 
Year  /  Region  1960 1970 1980 1990 
Nth  America NA  5,066 12,282 23,228 
Europe  NA  2,617 10,575 20,766 
Dev.  Countries  NA  399 1,300 1,917 
Note (1): 1960 GDP/capita is not available, Europe is all countries in Western Europe; Dev. Countries are all countries 
except OECD, other Europe and former Soviet Union States. 
Note (2): Decline in each decade in North American in automobile modal share amidst continual declines in bus and rail 
travel, is due to growth in air travel. 
Note (3): Figures do not add to 100% as the balance is air travel. 
Source: After Schafer (1998), IMF (2002), IRF (1975 to 2002). 
Table 3.2 shows that, in general, people residing in regions with high per capita incomes are more 
than likely to rely principally on automobiles for their travel needs, though with significant 
differences between North America and Europe, and a large growth in air travel.  In comparison, 
people in regions with low per capita incomes use bus transport as their main personal 
transportation mode.  However, Schafer (1998) does note that in less developed countries and 
cities where substitution of non-motorised transport has not yet taken place, walking and bicycling 
trips can account for more than half of all trips made.  For example, in rural China and India this 
share was typically in a range from 60 to 90%. 
Table 3.3 reflects the influence of GDP per capita on automobile and bus VKT per capita for a 
selection of more and less developed countries from 1970 to 1995.  These data sets were drawn 
together from a number of independent sources by the author for the purpose of this section and 
are shown in Appendices 4 and 6. 
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Table 3.3 – The influence of increasing GDP/capita on automobile and bus VKT/capita for a selection of more and less 
developed countries from 1970 to 1995 
Country  Av.  measure/yr  1970  1975  1980 1985 1990 1995  % 
annual 
growth 
1970-95 
Chile Bus  VKT/capita 24  22 41 66  NA  NA NA 
  Auto  VKT/capita 93  152 284 581 658 725  8.2 
 GDP/capita  US$  2,228  871 2,540 1,396 2,408 4,717  3.0 
             
Thailand Bus  VKT/capita  NA NA  88  98  115  160  NA 
  Auto  VKT/capita  112  NA 109 155 276 574  6.5 
 GDP/capita  US$  177  339  695  752  1,521  2,815  11.1 
             
Netherlands  Bus  VKT/capita 35  40 38 39 40 39  0.4 
 Auto  VKT/capita  3,231  3,486 4,341 4,488 5,147 5,822  2.4 
 GDP/capita  US$  2,585  6,746 12,658  9,205 19,755 26,818  9.4 
             
USA Bus  VKT/capita 40  38 43 47 44 40  0.0 
 Auto  VKT/capita  7,193  7,703 7,854 8,413 9,032 8,709  0.8 
 GDP/capita  US$  5,066  7,567 12,280 17,670 23,230 28,160  6.9 
Note: GDP per capita US$ are quoted at constant prices. 
Source: IRF (1975 to 2002), IMF (2001), UN (1979 to 2001). 
In this selection of more developed and less developed countries, there were moderate to strong 
gains in automobile VKT per capita commensurate with increasing GDP per capita, compared to 
only marginal gains in bus service provision (VKT per capita) during this investigation period. 
A relationship between GDP per capita and public transport (bus) VKT per capita is further 
developed in Figure 3.2 showing a wider selection of 17 more and less developed countries for 
1980 and 1995.  Lines of best fit for this relationship shown in Figure 3.2 are exponential and 
logarithmic curves respectively and GDP per capita is at a constant 1995 $US (UDL, 2003).   
These data sets, compiled from published sources by the author, are shown in Appendices 4 and 6. 
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Figure 3.2 - The influence of increasing GDP/capita on annual average bus VKT/capita for a selection of more and less 
developed countries for 1980 and 1995 
 
Note: the 1980 and 1995 data sets have an optimised R
2 of 0.332 and 0.381 and both are statistically significant at the 
≤0.05 level.  GDP per capita quoted at constant 1995 $US. 
Source: IRF (1975 to 2002), IMF (2001), UN (1979 to 2001). 
The relationship shown in Figure 3.2 supports the idea that wealth does exert some influence over 
public transport service supply, in this case, bus VKT per capita.  The selection of data presented 
in Figure 3.2, while showing some spread, generally suggests that in higher per capita income 
countries there is significantly low bus VKT per capita.  The trend in this statistically negative 
relationship appears to hold over the investigation period and, encouragingly, from a sustainable 
transport perspective, there is a trend towards an increase in bus VKT per capita between 1980 and 
1995.  In 1995, it is interesting to highlight some of the outliers.  For example, Hong Kong has 
relatively high bus VKT for its GDP, while Switzerland has rather much lower bus VKT relative 
to its GDP. 
In summary, there is considerable variability in the linkage between automobile VKT per capita, 
GDP per capita and public transport (bus) VKT per capita across a selection of more developed 
and less developed countries.  This necessitates a cautious approach with respect to suggesting that 
increasing GDP per capita is inevitably going to increase automobile use and reduce the 
significance of public transport in any particular country.  However, there was sufficient evidence 
to suggest this relationship should be considered when developing any model that is capable of 
predicting public transport mobility. 
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City level perspectives of per capita income and automobiles on public transport mobility 
This section explores the influence of per capita income and automobiles on public transport 
mobility at a city level.  The world’s cities, despite considerable motorisation over many years, 
still contain some elements of an archetypal walking, transit and automobile city (Thomson, 1977).  
This means that, to varying degrees, public transport, walking and bicycling are still important in 
many cities.  Bannister (1998), Barter (1998), Cervero (1998), Kaufman (2000) and World Bank 
(2000d) discuss the important roles that a city’s urban transportation modes play in shaping its 
structure and pattern of development.  These researchers also indicate that for cities of a 
comparable size, their current pattern of development has been shaped by a wide variety of forces, 
including governance, geographical location, cultural backgrounds and shifting attitudes towards 
daily mobility patterns and behaviour.  Bannister (1998) describes a viable city as one that consists 
of a combination of well-mixed land-use patterns, a population of not less than 50,000 persons and 
with a metropolitan population density of not less than 4,000 persons per square kilometre 
(p/sqkm).  Ingram and Lui (1998) note a strong relationship between a city’s size and its economic 
development, suggesting that increased urban and personal affluence is associated with expanding 
urbanisation.  Newman and Kenworthy (1996) describe an archetype transit city as one that is of 
medium population density between 5,000p/sqkm and 10,000p/sqkm and generally comprises sub-
centres created around and along rail and tram routes or corridors that radiate out from a central 
core.  As the speed of public transport increased, the spatial configuration of their typical transit 
city expanded to about 20km to 30km across, a considerable increase over the small ‘walking 
cities’ that preceded public transport technologies.  Newman and Kenworthy (1989, 1999) also 
note that densities of around 2,500 to 4,000p/sqkm are critical minimum densities in shifting from 
automobile orientated transport patterns to more transit orientated patterns.  This is in keeping with 
Bannister (1998).  Of particular relevance to this literature review of factors that influence public 
transport is Messenger and Ewing’s (1996) comment that urban bus transit was significantly more 
viable in cities where the streets were based on a grid pattern with an average house density of 
between about 11.1 and 19.4houses/acre.  Cervero (1998:1) states: 
“A transit metropolis is a region where a workable fit exists between transit services 
and urban form.  In some cases this means compact, mixed-use development well 
suited to rail services, and in others it means flexible, fleet-footed bus services well 
suited to spread-out development.  What matters is that transit and the city co-exist in 
harmony.” 
Urban public transit systems in many high and low income cities are struggling to compete as 
increasing per capita income drives a rising demand for automobile ownership and use (ECMT,   109 
1995; Pucher and Lefèvre, 1996; Cervero, 1998).  A universal increase in personal affluence tends 
to further reinforce a dependence on private automobiles, as travel-time becomes an increasingly 
important part of life’s daily cycle.  There is mounting pressure on personal travel-time, that is, as 
the monetary value of time increases, people will move to faster transportation modes to match 
their personal mobility requirements.  Many authors claim that this means a shift in travel mode 
demand and that automobiles will generally replace slower travel by public transport (Ingram and 
Liu, 1999; Gilbert, 2000; Gunnarsson, 2000; Southern California; 2000).  In many, but not all, 
urban areas as travel demand shifts away from transit modes to automobiles and transit passenger 
usage declines, transit services often degrade, prompting more passengers to abandon the city’s 
transit modes (Giuliano, 1999; Ingram and Liu, 1999).  Notwithstanding these arguments, in some 
cities fast urban passenger rail services have been developed which compete effectively with the 
automobile, especially in peak times when congestion is greatest, for example, Zurich and 
Vancouver (Newman and Kenworthy, 1999). 
The impact of this demand for automobile use as opposed to public transit use is shown in Figure 
3.3 which analyses the relationship between a city’s automobile and public transport passenger 
kilometres per capita in a selection of 25 more developed and less developed cities for 1970 and 
1995.  The data are shown in Appendices 4 and 6 and lines of best fit are exponential curves for 
the data sets are shown in Figure 3.3. 
Figure 3.3 – A comparison of automobile and public transport passenger kilometres per capita for a selection of more and 
less developed cities for 1970 and 1995 
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Note: The 1970 and 1995 data sets have an optimised R
2 of 0.551 and 0.618 respectively and both are statistically 
significant at the ≤0.05 level. 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
Figure 3.3 provides support for the idea that, as automobile passenger kilometres per capita 
increases, the utilisation of a city’s public transportation, as expressed by public transport 
passenger kilometres per capita, declines.  The statistically negative relationship is supported 
across both more and less developed cities and is sustained historically.  In this 25-year period, 
1970 to 1995, there was a general 20% increase in public transport passenger kilometres per capita 
for the selected cities shown in Figure 3.3.  However, on a cautionary note within this group of 
selected cities, seven cities showed a decline in per capita use of public transport over the 
investigation period.  This suggests that other factors have the potential to influence this 
relationship. 
Figure 3.4 tracks the variation in a city’s automobile and public transport passenger kilometres per 
capita for a selection of 8 more developed and less developed cities between 1960 and 1995.  The 
importance of this diagram is that it shows changes over time in a city’s two major personal travel 
modes in the investigation period.  Such changes occur for a variety of reasons and it is the 
intention of the models being developed in this thesis to be able to explain patterns of private and 
public transport in a robust way over time. 
Figure 3.4 – Annual average automobile and public transport passenger kilometres per capita for selection of more and 
less developed cities between 1960 and 1995 
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Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
Figure 3.4 shows two distinct patterns of transport development: 
•  automobiles are the dominant transport mode in ‘automobile’ cities such as Houston, New 
York, Perth and San Francisco, with the almost vertical trajectory of increasing automobile use 
and public transport growing marginally, but mostly going backwards. 
•  public transport more typifies transport development in cities such as Stockholm, Munich, and 
Tokyo, though this has occurred in parallel with significant growth in automobile use. 
•  Brussels has experienced declining public transport use and considerable growth in automobile 
use, though not of the level in ‘automobile cities’. 
The ‘automobile cities’ show that continued annual growth has occurred in automobile use of 
between 2.1% and 2.6% during an investigation period of 35-years, 1960 to 1995.  In comparison, 
all these cities in Figure 3.4, except San Francisco, show an annual negative growth of about 1% in 
their public transport usage during this period (San Francisco grew by 0.72% per annum).  In the 
selected ‘transit cities’, there was a sustained demand for public transport during this 35-year 
period, as indicated by an annual growth of between 1% and 3.4%.  At the same time, these 
‘transit cities’ had an overall growth in their automobile usage of between 2.3% and 4.4%. 
GDP per capita values (US$) for each city portrayed in Figure 3.4 are shown in Table 3.4.  An 
examination of the influence of GDP per capita on public transport passenger kilometres per capita 
using an expanded selection of 26 high and low income cities suggests that there is no significant 
statistical relationship between these two measures in this data set.  The full data on the 26 cities 
are contained in Appendices 4 and 6. 
Table 3.4 – Annual average GDP per capita of cities in Figure 3.4 for 1980, 1990 and 1995  
GDP per capita in 1995 $US  City 
1980 1990  1995 
Brussels 
Houston 
Munich 
New York 
Perth 
San Francisco 
Stockholm 
Tokyo 
11,638 
15,519 
12,885 
13,691 
11,298 
15,606 
13,209 
11,089 
35,081 
30,496 
42,273 
33,467 
20,634 
36,312 
38,752 
43,087 
28,009 
30,680 
54,692 
34,395 
21,995 
37,154 
33,438 
45,425 
Note: No data were available for 1960 and 1970, GDP per capita values quoted in constant $US for 1995. 
Source: Newman and Kenworthy (1989), Kenworthy et al. (1999), Kenworthy and Laube (2001), USDL (2003). 
In summary, it is acknowledged that automobile use has a strong influence on the level of public 
transport use in both more and less developed cities.  An analysis of the influence of increasing 
GDP per capita suggests that there is no significant relationship between this factor and public 
transport usage in a series of selected more and less developed cities.  However, the 
implementation of a number of human, social and management factors has, in many cities, shifted   112 
strategies and policies from accommodation to one of restriction and modification of automobile 
use (Pucher and Lefèvre, 1996; Fontana, 1999).  These factors comprise various tax and fiscal 
instruments placed on the purchase of both automobiles and automotive-fuel, high charges (fines) 
for parking and traffic by-law infringements, strict parking policy and severe parking restrictions 
in a city’s central core.  These factors are coupled with other factors that include traffic calming, 
low speed limits, pedestrian-free zones, rights-of-way for transit modes and strong land-use 
planning instruments integrated with transport policy and systems.  These integrated factors are 
paralleled with a strong community commitment and political will that encourages a shift in modal 
market share away from automobile-only towards alternative non-automobile mobility modes 
(Rathery, 1993; Topp, 1993; Cervero, 1995 and 1995a; Pharoah and Apel, 1995; Pucher, 1997; 
Ahlstrand, 1998; Cervero, 1998, Zacharias, 1999).  In many ‘automobile cities’ a similar 
commitment to these integrated strategies of physical and human, social and management factors 
for public transport and non-motorised mobility is not readily apparent in data up to 1995, though 
there is evidence that policies in many of these cities are also now shifting towards more 
sustainable transport. 
3.3.3  Population and employment and density 
In this section, the review examines the changes that have occurred in the metropolitan urban 
population, total number of metropolitan jobs (employment) in the urban area, the size of the 
urbanised area and densities over recent decades for a consistent set of 26 world cities for 1960, 
1970, 1980, 1990 and 1995.  A broad perspective of the changes that occurred in this period is 
shown in Table 3.5.  The values shown are an average of each measure for the investigation 
period, 1960 to 1995 and the primary data are shown in Appendices 4 and 6 (Kenworthy et al., 
1999; Kenworthy and Laube, 2001). 
Table 3.5 – Average values for urban population, urban area, and urban population and employment density in a selection 
of world cities from 1960 to 1995 
Year Population  Urbanised 
area 
sq km 
Population density 
persons per sq km 
Employment density 
jobs per sq km 
1960 3,308,480  1,041  4,317  2,208 
1970 3,899,600  1,291  3,918  2,032 
1980 4,186,301  1,602  3,354  1,842 
1990 4,681,812  1,764  3,292  1,918 
1995 4,958,284  1,939  3,346  1,853 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
Across a 35-year period in the selected cities there has been a steady annual growth in urban 
population of 1.15% that is matched by their urban areas expanding at 1.78%.  This increase   113 
generally supports the earlier discussion in this thesis in respect of the growth of the world cities 
urban metropolitan population and area.  The value of urban population density (persons per 
sqkm) is declining at an annual rate of 0.73% that may suggest some evidence of urban sprawl 
rather than consolidation amongst the selected cities.  The decline in total urban employment (jobs 
per sqkm) is seen more as a function of economic measures; however, since 1980 this value has 
been reasonably consistent. 
The dynamic state of metropolitan urban areas, coupled with a range of economic, cultural and 
ethnic differences in residential patterns and travel behaviour have significant influences on the 
factors that drive public transport and non-motorised mobility (Thomson, 1977).  Other significant 
social structural changes have occurred that influence personal daily travel patterns and notable 
amongst these changes are: 
•  a decline in the number of persons per household 
•  an increase in the number of single person households 
•  an increasing proportion of women in the work force (USDoT, 93; ECMT, 1995; Bernard et 
al., 1996; Rosenbloom, 1996; Giuliano and Gillespie, 1997; DoETR, 2000b). 
Bernard et al. (1996), Rosenbloom (1996) and DoETR (2000b) comment that women have 
significantly different travel patterns from comparably situated men and, that while women’s use 
of automobiles was less than men, their public transit use was higher.  A recent report, entitled 
Travel Patterns of People of Color, is a compendium on the travel behaviour of America’s 
coloured population (Battelle, 2000).  This report asserts that public transit appears to be less 
favoured by America’s general population however, one’s non-white ethnicity to some degree acts 
as a proxy for urban residential location, belonging to a low per capita income group, and being 
dependent on public transit for personal daily mobility. 
City level population density perspectives on public transport mobility 
It is becoming apparent, as this review of the literature develops, that a complex web of both 
physical and human, social and management factors appear to drive a city’s public transport 
mobility.  Of particular interest to this section are relationships between metropolitan urban 
population density, and total urban employment density and their capacity to influence a city’s 
public transport mobility.  Allan (2001) relates that there is a sense of self-evidence about these 
relationships and a city’s travel patterns.  However, a large part of the literature asserts that these 
relationships are not clear-cut, as it is difficult to isolate which factor is solely responsible.  Some 
of this literature claims that the strong relationship between density and travel patterns is because   114 
of an intervening relationship between a city’s density and demographic structure, and socio-
economic characteristics of its households (Cervero and Seskin, 1995; Messenger and Ewing, 
1996; Cervero, 1998; Bagley and Mokhtarian, 2000).  This of course is consistent with all the 
foregoing literature review that individual factors do not act alone as drivers of public transport 
mobility or private motorised mobility. 
Notwithstanding the above research and conclusions, numerous studies do indicate that there is a 
relationship between urban population density and the extent of utilisation of public transportation 
modes.  One such study by the Transportation Research Board (2001) examines this relationship 
and refers to the empirical study by Pushkarev and Zupan (1977).  That study analysed data from 
New York and found that a significant positive relationship exists between population density and 
transit trips that explained nearly 60% of the variations observed in transit ridership.  Another 
study by Dunphy and Fisher (1996) confirms this pattern and remarked that in communities with 
high population density there was a high level of transit use and consequently lower automobile 
travel.  Additional studies by Lewinson and Kumar (1996), and Paulley and Pedler (2000) assert 
that urban population density is positively related to non-automobile and high transit mode shares.  
In a study of urban areas in the United States, Litman (2002a) concludes that per capita transit use 
tends to increase with population density.  As a result of this study Litman expands on this 
relationship by citing Bento et al. (2002) whose study of American cities gave a 1 to 5% increase 
in transit trips when urban population density increases by 10%. 
The European Metropolitan Transport Authorities (2000 and 2001) (EMTA) reports on an analysis 
of public transport mobility and modal share for fifteen major cities in nine European countries.  
Amongst this study’s opening remarks was that public transit was ‘part and parcel’ of an inherent 
travel culture and behaviour of most Europeans.  Many of Europe’s densely populated cities and, 
more particularly, their dense central city areas are ideal environments for the provision of an 
extensive and efficient public transport service.  The EMTA’s analysis of the percent market share 
of personal trips in a selection of European cities for 1998 confirms the strong market share held 
by public transport over other mobility modes.  The results of this analysis are shown in Table 3.6 
and Table 3.7. 
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Table 3.6 – Public transit market share as a percentage of all motorised transportation modes in a selection of European 
cities for 1998 
City  Public transport share of all 
motorised trips for 1998 (%) 
City  Public transport share of all 
motorised trips for 1998 (%) 
Madrid 
Barcelona 
London 
Stockholm 
Lisbon 
Athens 
54 
42 
40 
40 
38 
35 
Brussels 
Amsterdam 
Paris 
Frankfurt 
Manchester 
Geneva 
34 
29 
27 
22 
21 
21 
Source: EMTA (2000), EMTA (2001). 
Table 3.7 – Public transit market share as a percentage of all city centre area motorised transportation modes in a selection 
of European cities for 1998 
City  Public transport share for 
metropolitan area percent 
Public transport share for 
city centre area percent 
London 
Madrid 
Barcelona 
Paris 
Lisbon 
40 
54 
42 
27 
38 
69 
66 
63 
61 
52 
Note: EMTA describes the city centre as major concentration of employment. 
Source: EMTA (2000), EMTA (2001). 
Compact, densely populated European cities have greater public transport usage than their 
American counterparts.  As a generalised concept, a compact city is better placed and provides 
greater opportunities for a transportation market share that favours public and non-motorised 
transport over automobiles.  Even so, greater transit market share not only depends on a 
sympathetic urban environment, but on a city’s public transport modes being readily available and 
possessing a service delivery that meets the demands of public transport travellers (Pucher and 
Dijkstra, 2000; Priemus et al., 2001).  A comparison of several critical factors influencing public 
transport usage, as noted here, for New York and Los Angeles are shown in Table 3.8. 
Table 3.8 – A comparison of population density and public transport passenger kilometres and vehicle kilometres of 
service/capita in New York and Los Angeles from 1960 to 1995 
New York  Los Angeles  Year 
Popln density 
p/sq km 
Pub trans pass 
km/capita 
Pub trans 
veh km of 
service/capit
a 
Popln 
density 
p/sq km 
Pub trans 
pass 
km/capita 
Pub trans 
veh km of 
service/capit
a 
1960 
1970 
1980 
1990 
1995 
2,251 
2,259 
1,979 
1,921 
1,804 
1,842 
1,395 
1,285 
1,334 
1,265 
61 
66 
58 
63 
60 
2,232 
2,500 
2,445 
2,389 
2,411 
244 
159 
383 
351 
326 
19 
16 
27 
20 
22 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
New York and Los Angeles have had comparable metropolitan population densities over several 
decades since the 1960s, however a comparison of their public transport passenger km per capita 
and public transport vehicle kilometres of service per capita clearly demonstrates major 
differences in the provision and usage of public transport services.  The extent of public transport   116 
service per capita strongly favours New York over the entire investigation period by about a factor 
of three-times.  This analysis tends to suggest that in strongly orientated automobile type cities, if 
an effective and acceptable public transport system is available, it will attract patronage. 
In many Asian cities, high population density, more intensive mixed land-use and large public 
transport systems combine to ensure high levels of public transit mobility (Kenworthy, 1994; 
Kenworthy et al., 1994; Kenworthy, 1995).  Table 3.9 shows a series of factors for Hong Kong and 
Tokyo from 1960 to 1995 that are identical to those shown in Table 3.8 for New York and Los 
Angeles.  The sizeable differences in density, public transport service and public transport use 
between automobile cities and some of the more transit-orientated Asian cities is strongly 
apparent. 
Table 3.9 – A comparison of population density and public transport passenger kilometres and vehicle kilometres of 
service/capita in Hong Kong and Tokyo from 1960 to 1995 
Hong Kong  Tokyo  Year 
Popln density 
p/sq km 
Pub trans pass 
km/capita 
Pub trans 
veh km of 
service/capit
a 
Popln 
density 
p/sq km 
Pub trans 
pass 
km/capita 
Pub trans 
veh km of 
service/capit
a 
1960 
1970 
1980 
1990 
1995 
NA 
33,305 
29,298 
30,045 
32,036 
NA 
1,806 
2,531 
3,784 
3,675 
NA 
NA 
116 
140 
146 
8,565 
7,477 
7,174 
8,688 
8,768 
3,928 
5,161 
5,191 
5,501 
5,606 
74 
90 
94 
89 
96 
Note: Table 3.8 and 3.9 – NA no data; popln is population in metropolitan area, p/sqkm is population per square 
kilometre; pub trans pass km/capita is total annual average pubic transport passenger kilometres per capita; pub trans 
veh km of service/capita is total annual average public transport vehicles kilometres of service per capita; as defined in 
Kenworthy et al. (1999). 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
In the United Kingdom, the following reasons are offered to explain the relationship between 
metropolitan population density and non-automobile travel patterns: 
•  higher population densities widen the range of opportunities for the development of local 
personal contacts and activities than can be maintained without resorting to motorised travel 
modes 
•  higher population densities widen the range of services that can be supported in the local area, 
reducing the need to travel long distances 
•  higher density patterns of development tend to reduce average distance between homes, 
services, employment and other opportunities, which reduces travel distance 
•  high densities may be more amenable to public transport operation and use and less amenable 
to automobile ownership and use, which have implications for modal share (Stead and 
Marshall, 2000).   117 
It is the latter point that is of interest to this section, and an assessment of its implications across a 
selection of 30 more and less developed cities is shown in Figure 3.5 for 1970 and 1995.  The data 
sets are shown in Appendices 4 and 6 and the lines of best fit are power curves. 
Figure 3.5– Metropolitan population density (p/sq km) and public transport passenger km/capita for a selection of both 
more and less developed world cities for 1970 and 1995. 
 
Note: 1970 and 1995 data sets have an optimised R
2 of 0.347 and 0.477 respectively and both are statistically significant 
at the ≤0.05 level. 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The evidence presented in this section in Tables 3.6 to 3.9 and Figure 3.5 gives strong support to 
the proposition that a positive statistical relationship exists between metropolitan population 
density and public transport usage (passenger kilometres per capita).  However, on close 
inspection, the relative low R
2 values and some strong anomalies suggest that this relationship is 
more complex and that metropolitan population density is, naturally, not the sole driver of public 
transport mobility.  There are instances in Figure 3.5 where cities with quite similar metropolitan 
population densities exhibit a significant magnitude of difference in their public transport 
passenger kilometres per capita, as shown in Table 3.10 and Table 3.11 for 1970 and 1995 
respectively.  This analysis tends to reinforce comments made in the literature by those researchers 
who claim that this relationship is not clearcut and caution is required when making substantive 
overall claims regarding metropolitan population density as a measure that drives urban public 
transport mobility. 
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Table 3.10 – A comparison of selected cities with similar metropolitan population density and different public transport 
passenger km/capita in 1970 
1970  Year - city 
Popln density - p/sq km  Pub trans pass km/capita 
Washington 
Brisbane 
Sydney 
Houston 
San Diego 
San Francisco 
1,935.6 
1,126.9 
1,917.9 
1,201.9 
1,214.4 
1,693.9 
300.9 
953.1 
1,860.0 
139.4 
80.9 
532.0 
Source: Kenworthy et al. (1999). 
Table 3.11 – A comparison of selected cities with similar metropolitan population density and different public transport 
passenger km/capita in 1995 
1995  Year - city 
Popln density - p/sq km  Pub trans pass km/capita 
Calgary 
Vancouver 
Los Angeles 
Toronto 
Stockholm 
Copenhagen 
2,084.4 
2,161.2 
2,410.8 
2,553.3 
2,659.1 
2,848.7 
925.3 
767.3 
326.0 
1,050.5 
2,316.7 
1,703.6 
Source: Kenworthy and Laube (2001). 
The fact that some metropolitan areas with vastly different public transport usage have similar 
urban population densities suggests there could be a range of other quantitative and qualitative 
factors at work within the cities.  For example, levels of public transport service supply can vary 
radically, as can the types of modes, that is, bus only services versus high quality rail.  Likewise, 
factors such as the quality of public transport environments (stops/stations), network structures, 
integrated timetables and fare structure, management, marketing and passenger information 
systems can be very different between cities.  These influences are explored later in this chapter.  
Some of these factors can be measured for metropolitan areas relatively easily; others are not 
amenable to aggregate metropolitan level specification. 
City level employment density perspectives on public transport mobility 
Woven into the fabric of a metropolitan urban environment are employment patterns and the mode 
choice for the journey-to-work.  Cities are engines of economic wellbeing, and this section will 
examine whether metropolitan employment density has an influence on urban public transport 
mobility.  Decentralisation of a city’s population, and commercial and business sectors in both 
more and less developed countries has been one of the major influences in expanding metropolitan 
urban areas over recent decades.  In the United States, a dominant growth pattern for many 
metropolitan areas has been one of increasing urban sprawl.  This urban form typically consists of 
scattered low-density residential suburbs alongside newly relocated commercial services and 
employment opportunities leapfrogging over the landscape (Giuliano, 1999; Bullard et al., 2000;   119 
TRB, 2001; Bento et al., 2002).  The decentralisation of employment has occurred almost 
simultaneously as commercial entrepreneurs and employers have taken advantage of low land-
price green-field locations and of a captive labour force (Ingram, 1998).  Europe has not been 
immune to these forces of decentralisation, and many cities have lost significant proportions of 
both their centralised population and employment to the suburbs surrounding the main towns 
(Fontana, 1999; TRB, 2001).  Many less developed cities are showing trends of decentralisation 
over the last few decades (Ingram, 1998; World Bank, 2000e).  Table 3.12 shows the trend in 
central business districts (CBD) population density (persons per sqkm) of metropolitan areas for 
various regions/nations and Table 3.13 shows values of population density in the outer areas for a 
selection of more and less developed cities from 1960 to 1990.  Detailed data are shown in 
Appendix 4. 
Table 3.12 – Regional averages of CBD population density (p/sqkm) from 1960 to 1990 
City region  USA  Australia  Canada  Europe Asia  wealthy  Asia  developing 
1960 
1970 
1980 
1990 
5,679.8 
4,770.6 
4,814.1 
5,004.3 
1,934.3 
1,387.6 
1,197.5 
1,372.7 
4,382.9 
3,359.7 
3,332.2 
3,795.1 
15,025.1 
11,172.4 
8,866.8 
7,740.2 
30,247.3 
20,719.6 
14,869.1 
8,480.2 
NA 
27,626.6 
31,012.3 
29,758.1 
Source: Kenworthy et al. (1999). 
Table 3 13 – Regional averages in a city’s outer area population density (p/sqkm) from 1960 to 1990 
City region  USA  Australia  Canada  Europe Asia  wealthy Asia  developing 
1960 
1970 
1980 
1990 
1,190.9 
1,227.6 
1,088.5 
1,183.9 
1,513.4 
1,283.7 
1,209.6 
1,182.3 
2,460.9 
2,476.9 
2,368.9 
2,405.7 
4,856.6 
4,725.0 
4,118.0 
3,874.9 
9,908.2 
11,611.3 
11,483.4 
13,873.5 
3,365.7 
12,834.5 
9,239.3 
10,394.4 
Note: NA no data available.  Asia wealthy cities are: Hong Kong, Singapore, Tokyo.  Asia developing cities are: 
Bangkok, Jakarta, Kuala Lumpur, Manila, Surabaya. 
Source: Kenworthy et al. (1999). 
The data shown in the above two tables suggests a generalised trend of de-populating a city’s 
central business district between 1960 to 1990, though with some revival occurring in the USA, 
Australia and Canada in 1990.  Across these selected regions there was some waxing and waning 
that further suggests there was more than just traditional decentralisation occurring.  During the 
same investigation period, outer suburban areas show some clear decrease in population density in 
USA, Australia and Europe, despite increasing numbers of people living in these cities.  This 
influence should be considered at a more local level. 
Population decentralisation has been generally accompanied by employment decentralisation and 
together has shifted personal urban mobility and the journey-to-work mode-choice away from 
public transit and towards personal motorisation.  In the sprawling suburbs of America, Australia 
and Canada, automobile dependence has increased as residents and workers have increasingly   120 
located outside the operational boundaries of major public transit systems (Ingram and Liu, 1999; 
TRB, 2001). 
In a major study of five Italian cities, Turin, Milan, Padova, Bologna and Florence, Fontana (1999) 
describes the structure of these cities and their mobility evolution between 1970 to 1995.  All these 
cities have undergone an era of decentralisation that has given rise to concerns about their 
economic activities and therefore job places.  Much economic activity and employment has moved 
to the outer areas, where land prices and rents are considerably lower than in the central city.  A 
new urban mobility structure has evolved as a consequence of the transformation of these cities.  
Transport demand has steadily grown between these cities’ central core areas and their suburbs 
and their suburb-to-suburb trips have shown an impressive growth in the investigation period.  
However, as access to public transport was and still is much lower in these suburban areas 
compared to central core areas, Fontana asserts that overall, in these cities, decentralisation has 
further reinforced the ongoing increase in private automobile use and in general motorization 
growth. 
This trend is, not surprisingly, paralleled in American cities as Giuliano (1999) comments that the 
traditional commuter flow of suburbs to the central business district, is no longer dominant.   
Commuting between suburban locations is now the major worker commute flow, notwithstanding 
that in most major American cities the radial flows on the major freeways and urban transit 
systems are still highly significant.  This is, at least partly, the reason for the significant number of 
American and Canadian cities that have implemented radially-based LRT systems, commencing 
with Edmonton in 1978 and followed by cities such as San Diego, San Jose, Portland, Sacramento 
and many others (Janes Information Group, 1982 to 2003). 
Figure 3.6 shows the relationship between total metropolitan employment density and public 
transport passenger km per capita for a selection of 27 both more and less developed cities for 
1970 and 1995.  The primary data are shown in Appendices 4 and 6 and lines of best fit are power 
curves. 
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Figure 3.6 – A comparison of metropolitan employment density (p/sq km) and public transport passenger km/capita for a 
selection of both more and less developed cities for 1970 and 1995. 
 
Note: The 1970 and 1995 data sets have an optimised R
2 of 0.434 and 0.572 respectively and both are statistically 
significant at the ≤0.05 level.  Metropolitan employment density is total metropolitan jobs divided by urbanised land 
area. 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
This statistically positive relationship between metropolitan employment density and public 
transport passenger km per capita is in line with the idea that as employment density decreases, 
(through for example employment decentralisation into the suburbs), there is an overall reduction 
in public transit mobility as gauged by public transport passenger kilometres per capita.  A cluster 
of data below about 4,000 jobs per square kilometre from 1970 to 1995 may suggest an optimal 
threshold level in this relationship.  This relationship is sustained across the investigation period 
indicating the robust nature of the relationship over a relatively long period.  The spread of these 
data also suggests some caution in the strength of this measure as a driver of public transport 
mobility, with other factors clearly being of importance.  For example, not all travel is 
employment related, but the data for public transport mobility used above is all public transport 
travel for all purposes, not just for work. 
In summary, total metropolitan employment density does have an influence on a city’s public 
transport mobility, but this factor clearly does not act alone, in driving overall public transport 
mobility at the city level. 
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3.3.4  Road network length and road network speed as measures that help 
to explain public transport mobility 
Chapter 2 describes total metropolitan road network provision (road metres per capita) as a 
fundamental underlying measure that is part of understanding automobile ownership and use.  This 
section will review the evidence within the literature that roads complement all forms of motorised 
mobility and that the extent of metropolitan road networks is likely to also be a factor that helps to 
explain public transport and non-motorised mobility patterns (Vasconcellos, 2001).  This section 
will also review a series of associated road factors that affects the number of kilometres 
individuals travel in the course of their daily mobility.  These factors are road network speed, the 
overall speed of public transport in a city, distance passengers travel, extent of the public transport 
service network, its fare structure, its quality of service and individuals per capita income 
(Bannister, 1998; De Borger and Wousters, 1998; EMTA, 2000; Atkins, 2001). 
City level road network length perspectives on public transport mobility 
The configuration, length and quality of a city’s road network is highly variable across developed 
and less developed urban environments (Vasconcellos, 2001).  In the United States, for example, 
in most of the second half of the 20
th Century, national and urban road construction primarily 
served the needs of the private automobile market  Under this regime, public transit struggled for 
capital funds and road space, while non-motorised facilities were often completely excluded.  It 
has taken the passage of the Inter-modal Surface Transportation Efficiency Act (ISTEA) of 1991 
and later the Transportation Equity Act for the 21
st Century (TEA21) to endeavour to redress these 
anomalies.  The TEA21 addresses the American transportation system as a whole rather than 
focusing on one mode of transportation, automobiles and associated infrastructure.  This new 
focus is on the movement of people and access rather than the movement of automobiles, and on 
services provided rather than automobile kilometres travelled.  This new initiative may include, for 
example, improving the integration of various modes of travel, such as, transit, pedestrian, 
bicycling, and rail and / or improving the efficiency of rail, and highway connections for 
commuters and jobs.  The TEA21 is supported by capital guaranteed funds in the vicinity of 
$US40 billion over a 6-year period from 1998 for urban transit programs across America’s 
metropolitan areas (USDoT, 2001).  Recent guidance from the Federal Highway Administrator 
illustrates the influence of these acts in respect of non-motorised mobility: “We expect every 
transportation agency to make accommodation for walking and bicycling a routine part of their 
planning, design, construction, operations, and maintenance activities.” (Blomberg et al., 2000:2).   123 
By comparison, in many European cities the development and construction of new roads has been 
much more constrained.  This European position has been partly fostered in more recent years by 
the emerging power of Green party politics at all levels of Government and by community 
concerns that new road construction would cause a significant deterioration in urban 
environments.  In particular, there have been concerns that any additional roads would increase 
urban air and noise pollution through an expanded use of motorised transportation (Rathery, 1993, 
Pucher, 1997; Ahlstrand, 1998; Cervero, 1998; TRB, 2001).  As well, there were strong 
community and political commitments to the provision of public transport services and walking 
and bicycling networks, by comparison to American cities (Pucher and Dijkstra, 2000). 
In many less developed cities, road networks present a hostile environment as poor road design, 
poor road connectivity and inadequate maintenance give rise to horrendous levels of traffic 
volumes and congestion.  In many of these cities, the road space has to be shared by a variety of 
motorised vehicles, pedestrians, bicycles, and mechanical, human powered and animal-drawn 
vehicles (Kenworthy et al., 1994; Barter, 1998, Allport, 2000; Halcrow Fox, 2000; Tiwari, 2001). 
Figure 3.7 shows the relationship between total metropolitan road network length expressed as 
road metres per capita (rdm/capita) and the level of public transport service provided in cities 
(public transport vehicle kilometres of service per capita), for a selection of 25 more developed 
and less developed cities from 1970 and 1995.  In examining this relationship the term, public 
transport vehicle kilometres of service per capita (ptvk/capita), represents the overall provision of 
service within a city’s public transport system.  The lines of best fit for the 1970 and 1995 data are 
exponential and logarithmic curves respectively and data sets are shown in Appendices 4 and 6. 
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Figure 3.7 – Total metropolitan road network length (rdm/capita) and public transport kilometres of service per capita for a 
selection of more and less developed cities for 1970 and 1995 
 
Note: 1970 and 1995 data sets have an optimised R
2 of 0.415 and 0.427 respectively and both are statistically significant 
at the ≤0.05 level. 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
 
Figure 3.7 shows a wide scatter in the statistically negative relationship between total metropolitan 
road network length and a city’s public transport service levels.  However, in general, this 
relationship suggests that higher values of road length, rdm/capita, are associated with lower levels 
of public transport service across a significant cross-section of more developed and less developed 
cities between 1970 and 1995.  An examination of these data generally shows that a typical ‘full 
motorised’ or ‘automobile city’ would have a high value of rdm/capita and a more ‘transit 
orientated’ or ‘strong centre city’ would have a correspondingly low value of this factor 
(Thomson, 1977). 
Amongst the cities selected that describe this relationship, there are nevertheless wide variations in 
these factors.  For example, between London and Amsterdam in 1970 their values for road 
provision were similar at 1.69 and 1.65 for rdm/capita, but they had 114.8 and 34.9 for ptvk/capita 
respectively.  In 1995 the variation between Copenhagen and San Francisco was 4.57 and 4.51 for 
rdm/capita and 104.4 and 48.9 for ptvk/capita respectively.  The spread of values shown in Figure 
3.7 naturally suggests that a combination of factors is acting to drive public transport mobility, and 
the magnitude of a city’s automobile orientation expressed through road provision is only one such 
0
20
40
60
80
100
120
140
160
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
Total metropolitan road network length (road metres per capita)
P
u
b
l
i
c
 
t
r
a
n
s
p
o
r
t
 
v
e
h
i
c
l
e
s
 
k
i
l
o
m
e
t
r
e
s
 
o
f
 
s
e
r
v
i
c
e
 
p
e
r
 
c
a
p
i
t
a
1970 1995
1970
1995  125 
factor.  Notwithstanding these variations, Thomson (1977) describes five city transport strategies 
which are significantly based upon notions of road provision and public transport provision.  The 
first of these is full motorization (archetype “A”).  In these cities automobiles have an ability to 
drive and park anywhere and public transport can not operate effectively.  In contrast, Thomson 
describes strong-centre cities (archetype “C”) that depend on, and invariably grew up on, 
capacious public transport systems with roads and railways developed in a strong radial design but 
with road provision (and parking) being generally more limited.  Table 3.14 shows a selection of 
Thomson’s archetype “A” and “C” cities and their respective road metres per capita and public 
transport vehicle kilometres per capita for 1970 and 1995. 
Table 3.14 – Selected total road network (rdm/capita) and annual average public transport vehicle kilometres of 
service/capita 1970 and 1995 
1970 1995  City 
rdm/capita  Pub trans km service/capita  rdm/capita  Pub trans km service/capita 
Archetype A 
Denver 
Los Angeles 
 
10.97 
4.1 
 
9.1 
16.1 
 
8.57 
3.73 
 
23.8 
21.9 
Archetype C 
London 
Paris 
New York 
 
1.69 
1.93 
4.10 
 
114.8 
56.8 
66.0 
 
1.92 
1.93 
4.88 
 
141.4 
71.3 
59.6 
Source: Thomson (1977), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The values shown in Table 3.14 generally support the underpinning of Thomson’s argument and 
the idea that cities with low road metres per capita tend to be better serviced with public transport 
systems, as indicated by their values of public transport vehicle kilometres per capita. 
Having examined the relationship between road provision and public transport provision, Figure 
3.8 shows the statistically negative relationship between road metres per capita and actual public 
transport use expressed as public transport passenger kilometres of travel per capita (ptpk/capita) 
for the same selection of 25 more and less developed cities for 1970 and 1995.  The primary data 
are shown in Appendices 4 and 6 and the lines of best fit shown in Figure 3.8 are exponential 
curves. 
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Figure 3.8 - A comparison of total metropolitan road network length (rdm/capita) and public transport passenger kilometre 
per capita for a selection of more and less developed cities for 1970 and 1995 
 
Note: The 1970 and 1995 data sets have an optimised R
2 of 0.458 and 0.447 respectively and both are statistically 
significant at the ≤0.05 level. 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
A similar pattern is described in Figure 3.8 to that in Figure 3.7, that is, the more road metres per 
capita the lower the use of public transport (passenger kilometres per capita).  The spread of values 
indicates that, as with other analyses, road metres per capita, while being quite strongly associated 
with public transport use, is one of many factors that together might explain observed patterns.  
Following on the previous section, Table 3.15 shows the differences between a selection of 
individual cities that describe Thomson’s (1977) Archetype “A” and “C” cities in terms of road 
provision and public transport use. 
Table 3.15 – Selected metropolitan road network length (rd m/capita) and public transport passenger kilometres/capita for 
1970 and 1995 
1970 1995  City 
rdm/capita  Pub trans pass km /capita  rdm/capita  Pub trans pass km /capita 
Archetype A 
Denver 
Los Angeles 
 
10.97 
4.1 
 
92.7 
159.7 
 
8.57 
3.73 
 
204.6 
326.0 
Archetype C 
London 
Paris 
New York 
 
1.69 
1.93 
4.10 
 
1,995.2 
1,760.3 
1,395.3 
 
1.92 
1.93 
4.88 
 
2,047.2 
1,762.9 
1,265.8 
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Source: Thomson (1977), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The public transportation modes available in the cities shown in Tables 3.14 and 3.15 are shown in 
Table 3.16.  This table suggests, that buses are often the only public transport service provided in 
typical Archetype ‘A’ cities, whereas bus, train, tram and ferry services are typically present in 
Archetype ‘C’ cities.  This has implications not just for the quantity of public transport services 
provided, but also for the quality, especially in terms of speed competitiveness with the 
automobile.  This is pursued later in this chapter. 
Table 3.16 – Public transport modes for automobile and transit cities in 1970 and 1995. 
1970 1995  City 
bus train  tram  ferry bus train  tram  ferry 
Denver 
Los Angeles 
Yes 
Yes 
No 
No 
No 
No 
No 
No 
Yes 
Yes 
No 
No 
No 
No 
No 
No 
 
London 
Paris 
New York 
 
 
Yes 
Yes 
Yes 
 
 
Yes 
Yes 
Yes 
 
 
No 
No 
No 
 
 
No 
No 
Yes 
 
 
Yes 
Yes 
Yes 
 
 
Yes 
Yes 
Yes 
 
 
Yes 
No 
No 
 
 
No 
No 
Yes 
 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
City level road network and overall public transport speed perspectives on public transport mobility 
In this section, the literature is explored to examine the influence of a series of journey-travel-time 
factors on public transport mobility at the city level.  These factors are the overall average speed 
(kilometres per hour) of a city’s road network and the overall average speed of its public transport 
network.  As well, from a human, social and management perspective, an examination is made of 
the monetary value travellers or commuters place on the time spent undertaking daily mobility.  
Personal affluence, travel time-budget and overall road infrastructure and public transport network 
speeds are linked in a demand and mode-choice shift from slower public transport to faster 
automobiles for personal daily mobility (Ingram and Liu, 1999; Gilbert, 2000; Gunnarsson, 2000; 
Southern California; 2000).  This shift has not been universal across all cities and all urban areas, 
however the consequences for public transit growth or decline are recognisable (Giuliano, 1999; 
Ingram and Liu, 1999).  A travel-time budget in monetary terms is becoming, for many 
commuters, an important facet of their daily travel behaviour as the value of time becomes 
important to commuters and other travellers alike.  Figure 3.9 shows the statistically negative 
relationship between average road network speed (24hr/7-day per week) and a city’s public 
transport passenger kilometres per capita for a selection of 28 developed and developing cities.  
Lines of best fit shown in Figure 3.9 for the 1980 and 1995 data are logarithmic and exponential 
curves respectively and the primary data are contained in Appendices 4 and 6.   128 
Figure 3.9 - The total road network speed and public transport passenger kilometres per capita for a selection of more and 
less developed cities for 1980 and 1995 
 
Note: 1980 and 1995 data sets have an optimised R
2 of 0.411 and 0.565 respectively and are statistically significant at 
the ≤0.05 level. 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The average road network speed and public transport passenger kilometres per capita from this 
sample of 28 more and less developed cities, as shown in Figure 3.9, generally supports the 
evidence in the literature that high road network speeds reduce the usage of urban public transport.  
At higher road network speeds, commuters’ perceptions of a monetary gain by utilising faster 
transportation modes does appear to be supported in a sustained way over the investigation period.  
However, if the speed of the overall public transport service was increased relative to that of 
general road traffic, on the data presented, it is marginal whether it may attract additional 
patronage (see Figure 3.10).  The strength of this statistically positive relationship is however 
rather tenuous.  Over the same selection of 28 more and less developed cities for which data were 
available, there was a considerable reduction in the statistical significance of the relationship that 
may imply further leakage of public transport patrons to automobiles.  Overall, however, it 
suggests that human, social and management factors associated with public transport, which are 
considered later in this chapter, may have contributed to the decline in the strength of the 
relationship.  The lines of best fit in Figure 3.10 are logarithmic and linear curves for 1980 and 
1995 respectively. 
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The relationship between road network speed (km/h) and overall public transport speed (km/h) is 
further explored in Figure 3.11.  This figure shows that there is a positive linear association 
between the ratio of the overall public transport speed to the road network speed and the annual 
average public transport passenger kilometres per capita for the same 28 cities examined in the 
previous two figures in 1980 and 1995.  The value of this examination is that it offers transport 
policy decision makers a potential route to a more sustainable transport system within their city.  
The overall outcome of Figure 3.11 is that it strongly suggests cities need not become faster in 
absolute terms in their travel, but rather that transit needs to be faster than the prevailing road 
traffic speed.  Adoption of this strategy is more environmentally positive for urban population as it 
potentially offers reduced air and noise pollution from a city’s automobiles (Newman and 
Kenworthy, 1999a). 
Figure 3.10 - The relationship between total public transport network speed and public transport passenger kilometre per 
capita for a selection of more and less developed cities for 1980 and 1995 
 
Note: The 1980 and 1995 data sets have an optimised R
2 of 0.054 and 0.164 and are not statistically and statistically 
significant at the ≤0.05 level respectively. 
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Figure 3.11 - The relationship between the ratio of public to road network speed and public transport passenger kilometre 
per capita for a selection of more and less developed cities for 1980 and 1995 
 
Note: The 1980 and 1995 data sets have an optimised R
2 of 0.535 and 0.613 and are both statistically significant at the 
≤0.05 level respectively. 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
In summary, this section supports the idea that greater emphasis within metropolitan areas on 
higher road provision exerts a negative influence on the use of public transport at a city level.  The 
speed of a metropolitan road network and the overall speed of the public transport system are also 
measures that require consideration as drivers of public transport mobility at a city level.  This 
review finds that these measures do not of course act alone, but in combination with other 
measures, helping to explain public transport mobility.  Finally, the review finds that there is a 
reasonable robustness in the results over time, which is important in the development of a 
predictive model of public transport mobility. 
3.3.5  Parking provision and its relationship to public transport mobility 
This section reviews the influence that central business district (CBD) parking provision has on 
public transport mobility.  As a general factor that may help explain public transport mobility, 
automobile parking was conspicuous in the literature.  Central business district parking across the 
world’s major capital cities differs greatly depending on the CBD size, total office space, 
employment, population as well as other factors such as the amount of commercial retailing, 
entertainment and cultural venues.  Every automobile trip requires a parking place, at its start and 
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at its destination, and in a metropolitan area there are many times more parking bays then there are 
more automobiles because of the multitude of different trip types.  Thus parking facilities are an 
integral component of motorised urban mobility, and parking that is difficult to find, inadequate, 
inconvenient or expensive will frustrate automobile drivers (Litman, 2002a; 2002b).  The 
availability of residential automobile parking, which is not always totally guaranteed (for example 
in Japanese and Chinese cities), was suggested as a factor that will influence automobile use at the 
household level and particularly its mobility mode-choice (Kitamura et al., 1997; Stead and 
Marshall, 2001).  In America, the widespread availability of free automobile parking for 
employees and commercial customers has largely come about due to government tax incentives, 
reinforced by local government planning and zoning by-laws.  In many American metropolitan 
environments, this policy has encouraged automobile dependence and accelerated the decline of 
public transit (Pucher and Lefèvre, 1996). 
In contrast, numerous European cities have implemented integrated transport strategies that control 
and restrict automobile parking, especially in their central core and inner areas while improving 
public transit systems and services.  As well, these strategies include strong commitments to 
facilitating new and improved environments for non-motorised mobility modes (Topp, 1993; 
Pucher and Lefèvre, 1996; Pucher, 1997; Cervero, 1998; Fontana, 1999, Greiving and Kemper, 
1999; Gemzøe, 2001).  A study by the EMTA (2000) of mobility and public transport modal share 
in fifteen major European metropolises acknowledges the importance of automobile parking to a 
city’s economic viability, whether it is short-term (shopping, leisure) or long-term (work place, 
residential).  This study emphasises the importance of a series of strategic factors that influence 
city level public transport, concluding, in relation to parking supply, that: “Indeed it is no use 
trying to deter people from using their car if parking space availability is high.”(EMTA, 2000:13).  
The data available to this dissertation on a large sample of world cities only includes CBD parking 
supply, not metropolitan wide figures.  However, it is worth examining the influence of this single 
parking factor on public transport mobility because public transport’s chief market share is still to 
the CBD of cities. 
Central business district (CBD) parking perspectives on public transport mobility 
The average supply of automobile parking bays per 1,000 central business district (CBD) workers 
in cities in various geographical regions for 1980, 1990 and 1995 is shown in Table 3.17 and for a 
selected number of cities within those regions in Table 3.18. 
   132 
Table 3.17 – A regional comparison of cities - average supply of CBD parking bays per 1,000 CBD workers for 1980, 1990 
and 1995 in various countries and regions 
City region  1980  1990  1995 
United States 
Canada 
Australia 
Europe 
Asia wealthy 
Asia developing 
557 
322 
314 
180 
67 
102 
590 
380 
378 
215 
80 
240 
682 
383 
367 
193 
104 
202 
 
Table 3.18 - CBD parking bays per 1,000 CBD workers for 1980, 1990 and 1995 in a selection of world cities 
City  region  City 1980 1990 1995 
United States 
 
 
 
Canada 
 
Australia 
 
 
Europe 
 
 
 
Asia wealthy 
 
Asia developing 
Chicago 
Houston 
Los Angeles 
Phoenix 
Calgary 
Vancouver 
Brisbane 
Perth 
Sydney 
Amsterdam 
Frankfurt 
Paris 
Zurich 
Singapore 
Tokyo 
Kuala 
Lumpur 
Manila 
91 
370 
524 
1,033 
425 
342 
268 
562 
156 
208 
242 
201 
140 
97 
NA 
168 
36 
128 
612 
520 
906 
522 
443 
322 
631 
222 
354 
246 
200 
137 
164 
43 
297 
27 
114 
698 
627 
1,503 
465 
444 
293 
630 
197 
316 
269 
142 
130 
237 
40 
298 
29 
Note: Table 3.17 and 3.18, NA no data available. Asia wealthy cities are Hong Kong, Singapore, Tokyo.  Asia 
developing cities are Bangkok, Jakarta, Kuala Lumpur, Manila. 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
In contrast to American and other automobile cities, in European cities limiting automobile 
parking spaces and implementing high parking charges, that increase rapidly as a city’s centre are 
approached, are a key elements of their overall urban transportation strategies (Fitzroy and Smith, 
1998; Greiving and Kemper, 1999; EMTA, 2000; Gemzøe, 2001).  Europe’s integrated 
metropolitan transport strategies have contributed to increased usage of public transit in many 
cities.  For example, many integrated strategies that restrict automobile parking have been coupled 
with factors such as traffic calming and pedestrian only zones that have increased the utilisation of 
non-automobile travel modes (European Commission, 1998; Mackett and Robertson, 2000; Pooley 
and Turnbull, 2000; Atkins, 2001; Parkhurst, 2001a). 
Another integrated transportation strategy related to parking that has contributed to an increase in 
public transit patronage and use is the park-and-ride facilities located at bus and rail stations and/or 
interchanges at the fringe of large metropolitan areas for automobiles and bicycles.  The provision 
of park-and-ride facilities at public transit interchange is suggested by Parsons (1996) and   133 
Parkhurst (2001 and 2001a) to have a strong positive influence on transit usage.  The work of these 
authors is supported in Litman (2003) who comments that park-and-ride facilities can increase 
transit travel and have a major influence on the portion of downtown commute trips made by 
transit.  Richards (2001) provides examples of bicycles that were parked daily at rail stations in 
various cities in the Netherlands and Japan.  In this study Richards indicates that 90,000 and 1.25 
million bicycles were parked daily at these stations respectively.  In Amsterdam bicycle parking at 
its central rail station was expanded to accommodate more bicyclists that now account for up to 
40% of the station’s daily patrons.  As well, there are many instances where city transit authorities 
allow bicycles on trains and trams (Doolittle and Porter, 1994; Fitzroy and Smith, 1998; Bracher, 
2000, EMTA, 2000).  The situation regarding park-and-ride for automobiles is a little more 
complicated in that large scale park-and-ride facilities can destroy the potential to integrate 
residential development or pedestrian access around public transport stops which typically yields 
higher transit use than park-and-ride (Cervero, 1998; Litman, 2003a). 
Further development of Table 3.17 is shown in Figure 3.12 which shows the statistically negative 
relationship between central business district parking bays per 1,000 CBD workers and public 
transport passenger kilometres per capita, taken for a selection of 22 more and less developed 
cities for both 1970 and 1995.  The data again are shown in Appendices 4 and 6, and in Figure 
3.12 lines of best fit are exponential and power curves respectively for the 1970 and 1995. 
Figure 3.12 - The relationship between CBD parking bays per 1,000 workers and public transport passenger km/capita for 
1970 and 1995 
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Note: 1970 and 1995 data sets have an optimised R
2 of 0.767 and 0.792 respectively and both are statistically significant 
at the ≤0.05 level.  Public transport passenger km per capita are for the whole metropolitan area not just the CBD 
orientated trips.  CBD parking includes long and short term parking bays, both on-street and off-street 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001)  
Figure 3.12 gives quite strong support to the notion that CBD parking bays and overall urban 
public transport mobility have a clear linkage; that is, that more parking is associated with a 
reduction in public transport passenger kilometres per capita, especially given the importance of 
CBD-orientated trips to the market for public transport.  This relationship was sustained over the 
investigation period.  In many instances, central city parking bays are provided to employees as a 
bonus, and many others are often used for non-work trips which further encourages automobile 
dependence and discourages the use of alternative non-automobile travel modes (Litman, 2002b).  
This is especially true where the cost of these bays is low or indeed in many instances, free to 
workers. 
3.4  What are the measures that drive non-motorised mobility at the city 
level? 
3.4.1 Introduction 
In many ways, walking and bicycling are ideal ways of moving around a city, especially for trips 
rarely beyond 5 kilometres and up to 10 kilometres respectively (Niemeier and Rutherford, 1995; 
WHO, 1999; Halcrow Fox, 2000; Allan, 2001).  This section undertakes a review of the literature 
about factors that influence the viability and extent of walking and bicycling within cities.  As 
alternatives to motorised mobility, walking and bicycling are influenced by a large number of 
human, social and management factors as well as measures related to urban form and 
infrastructure provision. 
The growth of motorisation has been paralleled by a decline in walking.  As trips lengthen and 
urban areas sprawl, so has the perception grown that walking is an inferior mode of transport in 
relation to the automobile (Tolley et al., 2001).  However, automobile restraint strategies and 
policies implemented in many European cities have fostered a resurgence in walking and bicycling 
(Fitzroy and Smith, 1998).  But in many other developed cities, walking and bicycling is only seen 
as a recreation activity rather than as an alternative form of daily travel to meet the variety of trips 
that people undertake for work, shopping and business (European Commission, 1998; Pucher and 
Dijkstra, 2000, Atkins, 2001).  This attitude does not prevail in many less developed cities where 
walking is the most important means of personal mobility and can represent at least two-thirds of   135 
the mode share for all daily trips undertaken by their residents.  In those urban environments of the 
world’s poorest countries, for example, Bangladesh and particularly in many rural cities of China 
and India, walking accounts for as much as 80% of personal daily mobility.  However, while 
walking is a key daily transport mode, it is not regularly used for journeys over 5km.  In excess of 
this distance, it appears that bicycles or rickshaws dominate, and in many instances bicycle usage 
is governed by cultural attitudes, for example, in Africa and India which is described later in this 
section (Halcrow Fox, 2000; Rwebangira, 2001; Tiwari, 2001).  As well, the mode of daily travel 
in many less developed urban environments is variable and a switch from bus to walking and back 
again is common practice, as personal and household income varies throughout the working week 
(Allport, 2000, I-ce, 2000; World Bank, 2000c). 
3.4.2  Urban area, population and employment density and their influence 
on walking in cities 
Overview 
In this section urban area, metropolitan population and employment densities are reviewed as 
factors that may help to explain the extent of walking that occurs in urban areas.  In both more 
developed and less developed cities, walking as a local transport mode makes reasonable sense, 
because it is quick and ideal for distances up to about 2km, but generally not in excess of 5km 
(WHO, 1999; Allport, 2000; Mackett and Robertson, 2000; Rietveld, 2000; Allan, 2001; Tiwari, 
2001).  It is a mode that is considerably restrained by distance, population and employment 
densities which are potentially very important factors, since they measure how close together 
various urban activities are likely to be.  Likewise, the extent of mixing of population and jobs will 
partly reflect how mixed land-uses are in a city.  Heavily mixed land-uses will tend to encourage 
more walking because distances between activities will be shorter. 
Of course, factors other than urban form are also important in determining levels of walking.  The 
ADONIS Project, a study of walking as a substitute for short automobile trips in Amsterdam, 
Barcelona and Copenhagen, concludes that in all cities people see walking as a relaxing mode of 
transport.  However, several disincentives are reported by this study, for example, factors such as 
climatic conditions, carrying of heavy loads of shopping, being in a real hurry and personal 
security during darkness.  Heavy traffic volumes in Amsterdam and Barcelona were seen as a 
positive incentive to walk, while in Copenhagen this factor was a disincentive (European 
Commission, 1998).   136 
The literature also reveals other incentives for walking, such as the quality of the infrastructure 
provided and the implementation of traffic calming strategies, particularly in a city’s central and 
inner zones where the traffic speed is reduced to less than 30km/h.  Other incentives include an 
increase in car-free zones, adequate street lighting, controlled pedestrian crossings at traffic 
intersections and, importantly, how these strategy packages are structured to accommodate the 
needs of young children, the elderly and the disabled (European Commission, 1998; Fitzroy and 
Smith, 1998; Vasconcellos, 2001).  At a city planning level, Pikora et al. (2000) assert that there 
are greater incentives to walk when community services were within a 400 metre radius of the 
home, a distance of some 5 minutes of walking time. 
In many less developed cities, as their urban area increases in size, a point can be reached at which 
walking can no longer satisfy the major trip requirements of citizens, then public transport and 
paratransit together with bicycling become the major transport mode-choices for much of the 
metropolitan population.  Halcrow Fox has recently prepared an urban transport strategy review of 
developing countries for the World Bank (Halcrow Fox, 2000).  In discussing personal non-
motorised travel strategy options for developing cities the review states: 
•  “Walking on sidewalk or in the street.  Walking is rarely used for regular journeys longer than 
about 5kms. 
•  Non-motorised transport (NMT) – this appears as bicycles operating in the street, both 
personal cycling and rickshaw ‘taxi-like’ services.  The evidence is that bicycles are not used 
for journeys longer than about 10kms.” (Halcrow Fox, 2000:13). 
Urban area size and its influence on walking in cities 
This section examines the influence of the size of urban area on walking in cities by considering 
some quantitative evidence on the subject.  Figure 3.13 examines the statistically negative 
relationship between the urbanised area of a city and the annual average number of walking trips 
undertaken by its residents (walking trips per capita).  It also uses these data from a selection of 83 
more developed and less developed cities in 1995 to assess whether there is a nominal 
metropolitan urban area size at which walking becomes a non-viable option for non-motorised 
daily travel.  The primary data are shown in Appendix 6. 
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Figure 3.13  – Metropolitan urbanised land area and annual average walking trips per capita for 1995 in 83 cities 
 
Note: 1995 data set has an optimised R
2 of 0.203 and is statistically significant at the ≤0.05 level. 
Source: Kenworthy and Laube (2001). 
The data for this analysis were only available for 1995 (Kenworthy and Laube, 2001).  However, 
even from this limited data set, it appears that there is a relationship between the level of walking 
and the size of the urban area, although it is statistically rather weak.  As well, this 1995 data set 
perhaps suggests that a metropolitan area in the vicinity of a 1,000 square kilometres may be a 
point at which walking mobility drops away to rather low levels.  However, the broad scatter of 
data indicates that other factors have a strong influence on walking irrespective of the city size.  
Many of these factors have already been discussed briefly in the overview to this section.  For 
example, the graph shows that Paris with nearly 400 annual average walking trips per capita and 
an urbanised area of 2,500sqkm, clearly has other factors that favour walking. 
Population density and its influence on walking mobility 
There is a broad body of literature to indicate that residents of higher density areas make a higher 
proportion of walking trips than those in low density urban areas (Cervero and Radisch, 1996; 
Allan, 2001).  The mechanism for this appears to be shorter trip distances due to more compact 
and more often mixed land-uses.  This proposition is examined here for a selection of more 
developed and less developed cities and shown in Table 3.19. 
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Table 3.19 – A comparison between population density and annual average walking trips per capita in a selection of more 
and less developed cities for 1995. 
United States cities  European cities  Less developed cities 
City Popln 
density 
P/sqkm 
Walking 
trips/cap 
City Popln 
density 
P/sqkm 
Walking 
trips/cap 
City Popln 
density 
P/sqkm 
Walking 
trips/cap 
Atlanta 
Chicago 
Houston 
New York 
San Diego 
636 
1,681 
882 
1,804 
1,455 
74 
132 
49 
187 
64 
Amsterdam 
Barcelona 
Copenhagen 
London 
Prague 
Vienna 
5,702 
19,710 
2,849 
5,910 
4,879 
6,936 
391 
169 
135 
349 
385 
256 
Beijing 
Dakar 
Harare 
Jakarta 
Mumbai 
12,310 
10,481 
3,407 
17,340 
33,743 
82 
195 
300 
286 
232 
Source: Kenworthy and Laube (2001). 
Kenworthy and Laube (2001) provide a data set of 83 cities from both more developed and less 
developed regions and Figure 3.14 shows the statistically positive relationship between the annual 
average walking trips per capita and metropolitan population density (persons per sqkm) and the 
primary data are again shown in Appendix 6. 
Figure 3.14  – Metropolitan population density and annual average walking trips per capita for 1995 in 83 cities 
 
Note: 1995 data set has an optimised R
2 of 0.118 and is statistically significant at the ≤0.05 level. 
Source: Kenworthy and Laube (2001). 
Table 3.19 and Figure 3.14 show a broad scatter of data that suggests metropolitan population 
density is not by itself able to explain levels of walking in cities, noting that cities with similar 
densities exhibit a wide variation in the number of walking trips per capita.  The result of this 
analysis suggests that, even though urban population density has a positive and statistically 
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significant relationship with walking trips per capita, there are many other factors acting in 
combination with population density to influence how much walking is done in cities. 
The most obvious additional factors that would need to be accounted for are the quality of the 
walking environment in different cities.  This can vary dramatically and can strongly influence 
peoples’ desire or capacity to walk.  For example, safety especially at night, human amenity, 
heavy traffic and associated air and noise pollution can influence personal perceptions and 
attitudes to walking, even where distances are walkable as suggested in the ADONIS Project 
(European Commission, 1998).  Unfortunately, it is difficult to provide a quantitative measure of 
pedestrian amenity for a whole city. 
City level employment density perspectives on walking mobility 
Kenworthy and Laube (2001) also provide data on employment density in cities from both 
developed and developed regions.  Figure 3.15 shows the statistically positive relationship 
between these data and walking trips per capita.  The primary data are shown in Appendix 4. 
Figure 3.15 - Metropolitan urbanised employment density and walking trips per capita for 1995 in 83 cities 
 
Note: 1995 data set has an optimised R
2 of 0.104 and is statistically significant at the ≤0.05 level. 
Source: Kenworthy and Laube (2001). 
The picture provided for metropolitan employment density is very similar to that already discussed 
under urban population density, that is, that densities alone are not adequate to explain levels of 
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walking in cities and that many other factors need to be considered.  The only thing that can be 
said is that higher densities are associated with higher levels of walking, but only weakly so in a 
statistical sense. 
3.4.3  Urban area, population and employment density and their 
relationship to levels of bicycle use in cities 
This section considers the evidence within the literature of the factors that influence bicycling 
within cities.  In the world’s cities, bicycling has the smallest market share of the total number of 
trips of any mode.  The literature reveals that cultural attitudes towards bicycles, especially in 
developing cities, differ widely between communities and cities (I-ce, 2000; Rwebangira, 2001; 
Tiwari, 2001).  In many developed cities, especially in more compact European cities, bicycling is 
promoted as a viable alternative to all motorised mobility (Bracher, 2000). 
In these cities, appropriate non-motorised mode infrastructure, automobile free-zones, pro-bicycle 
planning strategies and policies as well as personal attitudes provide an ideal environment for 
bicycling (Kenworthy, 1995; Cervero and Radisch, 1996; Fitzroy and Smith, 1998; Rietveld, 
2000).  In European cities, a more balanced allocation of road space has been achieved through 
provision of segregated infrastructure for both walking and bicycling especially through traffic 
calming schemes.  These initiatives have occurred through community concerns being reflected in 
political processes resulting in strategies and policies that have given less road space to 
automobiles and more to pedestrians and bicyclists (Greiving and Kemper, 1999; Allport, 2000; 
Atkins, 2001).  Copenhagen partly demonstrates this strong continental European attitude to non-
motorised transport with 300 kilometres of bicycle-ways that have encouraged about 30% of its 
city’s workers to use these facilities for their daily journey-to-work (Richards, 2001).  The 
implementation of ‘smart bicycle’ strategies is finding a place in European cities, particularly 
Copenhagen, and are now being trialed in Singapore.  These strategies are based on the ability to 
hire bicycles for periods of up to 2-hours from docking stations located throughout a city 
(Richards, 2001).  A study undertaken by Pucher and Dijkstra (2000) suggests a wide range of 
factors directed at, for example, road design and mode separation that could be implemented in 
American cities to improve walking and bicycling infrastructure and which would facilitate a 
change to non-motorised modes.  However, in conclusion they say, “The real problem in the 
United States is lack of willingness to do anything that infringes on the prerogatives of motor 
vehicle users.”(29p).   141 
In many less developed cities, the typical bicycle user is a man, aged between 25 and 35-years and 
who is employed.  His financial status allows him to buy or rent a bicycle.  A motorbike or 
automobile is far beyond his income level.  He typically prefers to use a bicycle instead of a bus, 
since it saves money and time (World Bank, 2000c).  Also in less developed cities, walking and 
bicycling must compete for road space with all other transportation modes (World Bank, 1995; 
Tiwari, 2001a; Vasconcellos, 2001).  As well in many less developed cities, geographic and 
cultural attitudes play an important role in the use and choice of non-motorised transport.  For 
example, in many African cities, there is a cultural barrier towards bicycling as it is limited to men 
(Rwebangira, 2001), whereas in Indian cities, Tiwari (2001) notes that bicycling is socially not 
acceptable for women.  The World Bank (2000e:120) in its report on urban transport strategy in 
the developing world’s cities entitled Cities on the Move comments, “In many countries women 
are largely excluded from the use of bicycles.  This is partly a consequence of general economic 
and social norms, ”. 
The facilities available for ease of movement of non-motorised vehicles throughout Asia vary 
widely between and within cities.  In cities such as Shanghai, Dhaka, Hanoi and Chiang Mai, 
separated lanes are provided on most roads, while in several other cities experimental trials on 
separated lanes are taking place.  At the other extreme, there are cities that have gone as far as 
prohibition and abandoning certain non-motorised modes completely, for example, becaks in 
Jakarta (World Bank, 1995).  Even in urban environments, conducive to use of walking and 
bicycling, Asia’s non-motorised transport is under threat through exclusion from the urban 
planning and political scene, and being seen in more progressive cities as backward and not in 
keeping with their modern image (World Bank, 1995; Newman and Kenworthy, 1999, Zacharias, 
2002). 
Similar relationships to those shown in the previous section for walking mobility were developed 
for bicycling.  However, the 1995 data were too scattered to suggest any meaningful statistical 
relationship between urbanised land area and metropolitan population and employment density 
and the number of bicycle trips per capita. 
It would appear that like walking, bicycling is also influenced by a range of factors beyond urban 
form, notwithstanding the fact that more compact land uses will tend to encourage shorter trips 
that are more amenable to a bicycle ride.  Some additional critical factors for bicycling may 
include topography and the general safety of the road system for cyclists.   142 
In summary, there were tentative relationships between urban area, metropolitan population and 
employment density and the number of walking trips per capita across a selection of more and less 
developed cities.  These relationships support the idea that denser environments are more suited to 
walking than are sprawling ones.  As far as bicycle use is concerned, it is difficult to discern a 
statistically significant relationship with any of the urban form type factors.  Clearly, the use of 
non-motorised modes is strongly influenced by a wide-variety of other factors in both more and 
less developed cities.  It would appear that the factors that drive non-motorised transport are 
essentially a complex matrix of both physical and human, social, cultural and management 
measures acting in some unknown combination.  The next section explores some of these factors 
in a little more detail. 
3.5  Human, social and management factors that influence public 
transport and non-motorised mobility 
3.5.1 Introduction 
Measures that help determine levels of public transport and non-motorised mobility across both 
more developed and less developed cities may incorporate any number of sociological, 
psychological, management and other factors.  This section reviews the literature on these various 
factors such as cultural and ethnic background, preferences and perceptions, and ingrained habits 
at the national and city level.  The literature review has been unable to specifically identify similar 
human, social and management factors at the household level and their impact on these forms of 
urban mobility. 
These factors, with few exceptions, are evident when drawing comparisons between public 
transport and non-motorised mobility in European and American cities (Kaufmann, 2000; Pucher 
and Dijkstra, 2000; TRB, 2001).  Amongst these factors are fiscal instruments of higher taxes on 
motor vehicles and fuel, to concerted community and political efforts to restrain automobile use.  
As well, in many European cities, there are strict controls on metropolitan development and 
preservation of historic precincts and the urban environment (Pucher and Kurth, 1996; Pucher, 
1997; Cervero, 1998; Fontana, 1999; Greiving and Kemper, 1999; Atkins, 2001). 
Influence of human, social, management and other measures on public transport mobility 
In its assessment of public transport systems and networks in major European cities, the EMTA 
(2000) concludes that patronage of public transport is linked to many factors.  There are factors   143 
that depend on the transport operators and those that depend on the regulatory authorities and their 
strategies and policies regarding metropolitan planning and traffic management.  According to 
EMTA, per capita income and economic affluence, which have already been discussed, as well as 
change in lifestyles are significant influences on personal daily mobility patterns and use of public 
transport today (EMTA, 2000).  The quality of a public transport service and customer satisfaction 
is seen as critical to changing travel behaviour away from the automobile.  Factors such as 
communication and information provided to passengers, passenger comfort and safety, integration 
at transport interchanges, ease of transfer from one travel mode to another and stability of the 
network over time, are said to significantly influence public transport use (Cervero and Seskins, 
1995; Fitzroy and Smith, 1998; Transport and Travel Research, 1999; Atkins, 2001; Kingham et 
al., 2001).  Other important service quality and convenience measures cited by EMTA and others 
are the integration of a city’s total public transport network through transferable ticketing and 
interlinked timetables (Viegas, 1999; EMTA, 2000). 
In less developed cities the variation and influence of these factors appears to be very city specific.  
The task of improving metropolitan public transport is increasingly being delegated to local 
governments.  However, in many less developed cities their administrative capacity and 
governance is weak and institutional responsibilities continue to be unclear between national, 
provincial, metropolitan and local governments, and between different agencies (Allport, 2000; 
World Bank, 2000d).  In addition, the appropriate organisational structures are not present, and if 
they are they lack the political and financial powers to turn appropriate transport decisions into 
action.  The range of policies and measures available is difficult to introduce as comprehensive 
packages that actually achieve the objectives of transport development as is the case in the OECD 
cities.  In the non-OECD cities, there are even greater barriers as there is not the tradition for 
effective urban governance and the necessary financial or revenue raising institutions.  Thus policy 
processes are more difficult to implement, so the emphasis here is on more straightforward simple 
solutions to urban congestion and pollution (Bannister, 1998).  Apart from these factors and major 
cultural differences between cities, personal affluence is seen as a major contributing measure to 
wide variations in personal public transport and non-motorised mobility behaviour across many 
less developed cities (I-ce, 2000, World Bank, 2000c). 
Influence of human, social, management and other measures that impact on non-motorised 
mobility 
Human, social and management factors that influence non-motorised transport in developed cities 
are related to environmental features of the network including separation from motorised modes,   144 
personal safety in the evenings and climate (European Commission, 1998; McCann et al., 2000; 
Transport and Travel Research, 1999; Fitzroy and Smith, 1998; Svensson; 2000; Zacharias, 2001).  
The quality of non-motorised mode infrastructure, such as footpaths and cycleways is considered 
important in changing personal attitudes away from automobiles to walking and bicycling.  Based 
on work in Delhi, Tiwari (2001) suggests that appropriate infrastructure for non-motorised modes 
is badly lacking in developing cities, as these modes must share the road space with every other 
mode.  In Asian cities, Barter (1998) concludes that public transport fare structure is of critical 
importance in the use of walking and bicycling, and slight changes have dramatic repercussions on 
modal choice amongst the urban poor.  Halcrow Fox (2000) comments that, in less developed 
cities, informal mobility in the form of paratransit systems constitutes a portion of the average 
person’s daily mobility.  Paratransit systems fall between the private automobile and a 
conventional bus network in terms of capacities and service.  Profit-driven entrepreneurs control 
the paratransit systems in developing cities.  Unencumbered by strict operating regulations, 
paratransit’s success lies in its flexibility, adaptability and low fare cost, as the operators 
aggressively seek out new and expanding markets (World Bank, 1995; Shimazaki and Rahman, 
1996; Cervero, 2000; World Bank, 2000e). Where good paratransit systems exist, non-motorised 
mobility is often reduced because people are able to undertake short trips more easily, at an 
affordable price, and possibly more safely. 
In summary, the key underlying measures that drive urban public transport and non-motorised 
mobility are: the level of automobile use and personal affluence, metropolitan demographics and 
population density, the extent of the road network and parking supply.  These measures do not act 
alone but together.  Nor are they the only drivers of public transport and non-motorised mobility.  
In this respect, the literature highlights the importance and influence of numerous human, social, 
management and other measures which have been briefly discussed throughout this chapter.   
These measures, many of which are measured at a micro-scale, form a complex web of influences 
on public transport and non-motorised mode use, and are difficult to quantify, compare, 
standardise and analyse, but are nevertheless operative in both more and less developed cities.  
Attempts to model urban public transport and non-motorised mobility using aggregate 
metropolitan scale data are necessarily made more difficult by the existence of these other 
influences for which quantitative data are almost impossible to develop for city level modelling. 
3.6  Public transport and non-motorised urban mobility: a synthesis 
This section draws together the findings from within the literature on the underlying measures that 
appear to drive public transport and non-motorised urban mobility.  Although this synthesis   145 
emphasises the city level, it is important to recognise in the overall context of the thesis that some 
of the factors operate at a national and household level.  Evidence from the literature has been 
enhanced though the establishment of a series of new data sets from a number of recently 
published independent sources that allow a broader time scale examination of the measures that 
drive public transport and non-motorised mobility.  These additional data sets from 1960 to 1995 
are drawn together later in this section through a statistical analysis to examine the significance of 
the different variables as determinants of public transport and non-motorised urban mobility.  In 
particular, the analysis examines the stability or relevance of the relationships over decades, which 
is very important in attempting to develop a predictive model of these forms of mobility. 
Table 3.20 and Table 3.21 identify respectively physical and economic and human, social and 
management measures found in the literature that relate to public transport and non-motorised 
mobility at a national, city and household level. 
Table 3.20 – Physical and economic measures associated with public transport and non-motorised mobility at a national, 
city and household level 
Measure National 
level 
City 
level 
Household 
level 
1. Income/wealth       
GDP per capita  Yes  Yes  Yes 
      
2. Population and urban area       
Population structure  Yes  Yes  Yes 
Metropolitan urbanised area    Yes  Yes 
Density of population    Yes   
Density of employment    Yes   
      
3. Urban transport infrastructure       
Total road network length    Yes   
Road network speed    Yes   
Overall public transport speed    Yes   
Ratio of public transport to road network 
speed 
 Yes   
Automobile parking availability    Yes  Yes 
      
4. Transport characteristics       
Automobile ownership and use  Yes  Yes  Yes 
 
Table 3.21 – Human social and management measures associated with public transport and non-motorised mobility at a 
national and city level 
Measure  National level  City level 
1. Preference and perception associated with culture and ethnic background     
Ingrained life-style habits  Yes  Yes 
Community attitudes  Yes  Yes 
Male and female demographic structure  Yes  Yes 
Regional and geographical differences  Yes  Yes 
Personal security  Yes  Yes 
    
2. Governance, strategy, policy and management     
Government national, state, local levels  Yes  Yes 
Service management and administration  Yes  Yes 
Fiscal instruments, taxes and charges  Yes  Yes   146 
    
3. Quality of service     
Public transport vehicles Yes  Yes 
Public transport infrastructure, stops, stations  Yes  Yes 
Service information to customers  Yes  Yes 
Integrated service, ticketing, timetables  Yes  Yes 
Availability, efficiency and capacity of service  Yes  Yes 
 
3.6.1  Statistical analysis of the measures 
This section examines the statistical relationships between the measures shown in Table 3.20 and 
public transport and non-motorised mobility over a span of some 35 years.  Because of a lack of 
available data, there is no statistical analysis of the human, social and management measures given 
in Table 3.21.  The statistical analysis uses the same procedures and techniques as described in 
Chapter 2.  The following statistical variables are provided for each relationship in Table 3.22 to 
Table 3.29: 
•  number of degrees of freedom, that is, number of cases minus 2 
•  the optimal function of the relationship and its R
2 value 
•  significance of the optimal function at the ≤0.05 level. 
From this analysis will be drawn the core components of a model that attempts to predict public 
transport and non-motorised mobility at the city level to a high degree of statistical reliability.  The 
primary data for this statistical analysis and a graphical representation of each relationship are 
shown in Appendices 4, 6 and 6A. 
GDP per capita and public transport vehicle kilometres of service /capita at a national and GDP per 
capita and public transport boardings, vehicle kilometres of service and passenger kilometres per 
capita at a city level 
Table 3.22 shows the relationship between the GDP per capita and annual average public transport 
vehicle kilometres of service per capita at a national level (bus only).  This table also shows the 
relationship between the GDP per capita and annual average public transport boardings, annual 
average public transport vehicle kilometres of service and annual average public transport 
passenger kilometres of travel per capita at a city level (all modes of public transport). 
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Table 3.22 – Relationship between GDP per capita and public transport vehicle kilometres of service /capita at a national 
level and GDP per capita and annual average public transport boardings, vehicle kilometres of service and passenger 
kilometres per capita at the city level 
Relationship between GDP per 
capita and 
National 
level 
Degrees of 
freedom (n-2) 
Function R  square Significance 
at ≤0.05 
Public transport vehicle 
kilometres of service per capita 
Bus ONLY 
 
1970 
1980 
1990 
1995 
23 
22 
19 
17 
 
pow 
exp 
exp 
exp 
0.331 
0.161 
0.222 
0.174 
Yes 
No 
Yes 
No 
 
Relationship between GDP per 
capita and 
City 
level 
Degrees of 
freedom (n-2) 
Function R  square Significance 
at ≤0.05 
Public transport boardings per 
capita 
All public transport 
 
1990 
1995 
33 
81 
pow 
exp 
0.025 
0.008 
No 
No 
Public transport vehicle 
kilometres of service per capita 
All public transport 
 
1990 
1995 
33 
81 
log 
log 
0.082 
0.034 
No 
No 
Public transport passenger 
kilometres per capita 
All public transport 
 
1990 
1995 
33 
81 
lin 
log 
0.009 
0.037 
No 
No 
Source: Beyer (1973), IRF (1973 to 2002), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The results show at the national level a weakening of the relationship between wealth and the level 
of public transport kilometres of service per capita for buses only over the time-period examined.  
At the city level, relationships between GDP per capita and annual average public transport 
boardings, vehicle kilometres of service and passenger kilometres of travel per capita are not 
significant for all public transport.  Overall these relationships indicate that GDP per capita has 
little bearing as a measure that drives public transport at both the national and city level. 
Automobile passenger kilometres per capita and public transport boardings, vehicle kilometres of 
service and passenger kilometres per capita at a city level 
Table 3.23 shows the relationships between the annual average automobile passenger kilometres 
per capita and annual average public transport boardings per capita, annual average vehicle 
kilometres of service per capita and annual average passenger kilometres per capita at a city level. 
Table 3.23 – Relationship between automobile passenger km per capita and annual average public transport boardings, 
vehicle kilometres of service and passenger kilometres per capita at a city level 
Relationship between automobile 
passenger kilometres per capita 
and 
City 
level 
Degrees of 
freedom (n-
2) 
Function  R square  Significance at 
≤0.05 
Public transport boardings per 
capita 
All public transport 
1960 
1970 
1980 
1990 
1995 
 
20 
26 
39 
43 
81 
exp 
exp 
exp 
exp 
exp 
 
0.727 
0.681 
0.803 
0.717 
0.346 
 
Yes 
Yes 
Yes 
Yes 
Yes   148 
Public transport vehicle 
kilometres of service per capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
20 
26 
39 
43 
81 
exp 
exp 
exp 
exp 
exp 
 
0.502 
0.523 
0.686 
0.621 
0.156 
 
Yes 
Yes 
Yes 
Yes 
Yes 
Public transport passenger 
kilometres per capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
20 
26 
39 
43 
81 
exp 
exp 
exp 
exp 
exp 
 
0.522 
0.610 
0.722 
0.624 
0.338 
 
Yes 
Yes 
Yes 
Yes 
Yes 
Source: Beyer (1973), IRF (1973 to 2002), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The results show that at a city level, automobile passenger kilometres per capita appears to be 
negatively associated with all the public transport measures shown, with some variation depending 
on the data sets examined and the year of the data.  The relationships analysed suggest that 
increasing automobile passenger kilometres per capita will decrease the public transport measures 
of use and service at the city level as expressed by boardings per capita, vehicle kilometres of 
service per capita and passenger kilometres per capita. 
Population density and public transport boardings, vehicle kilometres of service and passenger 
kilometres per capita at a city level 
Table 3.24 shows the relationship between metropolitan urban population density (persons per 
square kilometre) and annual average public transport boardings per capita, annual average public 
transport vehicle kilometres of service per capita and annual average public transport passenger 
kilometres per capita.  The table provides these relationships in the first instance for all developed 
and developing cities in the data set then shows the relationships using developed cities only. 
Table 3.24 – Relationship between urban population density and annual average public transport boardings, vehicle 
kilometres of service and passenger kilometres per capita for all cities and developed cities only in 1995 
Relationship between urban 
population density 
(persons/sqkm) and 
City 
level 
Degrees of 
freedom 
(n-2) 
Function R  square  Significance 
at ≤0.05 
   ac  dc    ac  dc  ac  dc 
Public transport boardings per 
capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
29 
33 
40 
43 
81 
 
 
 
 
 
55 
log 
log 
log 
log 
pow 
 
0.678 
0.572 
0.820 
0.659 
0.214 
 
 
 
 
0.608 
Yes 
Yes 
Yes 
Yes 
Yes 
 
 
 
 
Yes 
Public transport vehicle 
kilometres of service per capita 
All public transport 
 
 
1960 
1970 
1980 
1990 
1995 
 
29 
33 
40 
43 
81 
 
 
 
 
 
55 
pow 
pow 
pow 
pow 
log 
0.296 
0.302 
0.488 
0.407 
0.061 
 
 
 
 
0.325 
Yes 
Yes 
Yes 
Yes 
Yes 
 
 
 
 
Yes   149 
Public transport passenger 
kilometres per capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
29 
33 
40 
43 
81 
 
 
 
 
 
55 
pow 
pow 
pow 
pow 
pow 
 
0.448 
0.407 
0.554 
0.463 
0.186 
 
 
 
 
0.431 
Yes 
Yes 
Yes 
Yes 
Yes 
 
 
 
 
Yes 
Note: ac = developed and developing cities, dc = developed cities only 
Source: Beyer (1973), IRF (1973 to 2002), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The results show, that at a city level, metropolitan urban population density (persons per sqkm) 
appears to be strongly and positively associated with all the public transport measures from 1960 
to 1995.  The fact that the 1995 data do not show significant correlations between urban 
population density and public transport measures may be attributed to a higher proportion, 31%, of 
less developed cities in the data set.  In developing cities, public transport system development has 
not been as strong as in the wealthier cities.  Thomson (1978) refers to many developing cities as 
having a ‘low-cost’ approach to transport system development.  This effectively means that many 
of them simply do not have high quality transit infrastructure such as rail systems, but rely heavily 
on buses.  Thus despite the higher densities in developing cities, this is not necessarily reflected in 
higher transit use because competitive transit systems do not exist in many cases.  If we remove 
the developing cities from the 1995 data set and include a similar set of cities to the earlier data we 
see that the strong relationship between urban population density and public transport is 
maintained.  This issue has implications for the development of a predictive model of public 
transport use that is applicable and robust across both developed and developing cities and is 
discussed later in this thesis. 
Employment density and public transport boardings, vehicle kilometres of service and passenger 
kilometres per capita at a city level 
Table 3.25 shows the relationship between total metropolitan employment density (jobs per square 
kilometre) and annual average public transport boardings per capita, annual average public 
transport vehicle kilometres of service per capita and annual average public transport passenger 
kilometres per capita for all developed and developing cities in the 1960 to 1995 data sets.  Also, 
the relationships for 1995 are shown for developed cities only. 
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Table 3.25 – Relationship between total metropolitan employment density and annual average public transport boardings, 
vehicle kilometres of service and passenger kilometres per capita for all cities and developed cities only in 1995 
Relationship between total 
metropolitan employment 
density (jobs/sqkm) and  
City 
level 
Degrees of 
freedom (n-2) 
Function R  square  Significance 
at ≤0.05 
   ac  dc    ac dc ac  dc 
Public transport boardings per 
capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
27 
30 
40 
43 
81 
 
 
 
 
55 
log 
log 
log 
log 
pow 
0.646 
0.651 
0.765 
0.682 
0.291 
 
 
 
 
 
0.662 
Yes 
Yes 
Yes 
Yes 
Yes 
 
 
 
 
Yes 
Public transport vehicle 
kilometres of service per 
capita 
All public transport 
 
 
 
1960 
1970 
1980 
1990 
1995 
 
27 
30 
40 
43 
81 
 
 
 
 
55 
pow 
pow 
pow 
pow 
pow 
 
0.273 
0.382 
0.419 
0.384 
0.054 
 
 
 
 
 
0.345 
Yes 
Yes 
Yes 
Yes 
Yes 
 
 
 
 
Yes 
Public transport passenger 
kilometres per capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
27 
30 
40 
43 
81 
 
 
 
 
55 
pow 
pow 
pow 
log 
pow 
0.413 
0.478 
0.529 
0.468 
0.204 
 
 
 
 
0.448 
Yes 
Yes 
Yes 
Yes 
Yes 
 
 
 
 
Yes 
Note: ac = developed and developing cities, dc = developed cities only 
Source: Beyer (1973), IRF (1973 to 2002), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
Similar comments to those in the previous discussion apply with respect to the density measure, 
but in this case, they apply to total metropolitan employment density, which is strongly and 
positively associated with the three key measures of public transport service and use.  Again there 
is a weak relationship in the 1995 data set, which is rectified if the developing cities’ data are 
removed. 
Overall it would appear that these urban form measures are important in helping explain public 
transport service and usage, especially in developed cities, but that they are significantly weakened 
when a wide range of developing cities are introduced into the statistical analysis.  Again, this has 
important implications in the development of any model of public transport use. 
Total metropolitan road infrastructure and public transport boardings, vehicle kilometres of service 
and passenger kilometres per capita at the city level 
Table 3.26 examines the relationship between metropolitan road network length (road metres per 
capita) and annual average public transport boardings per capita, annual average vehicle 
kilometres of service per capita and annual average passenger kilometres per capita at a city level. 
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Table 3.26 – Relationship between total metropolitan road infrastructure and annual average public transport boardings, 
vehicle kilometres of service and passenger kilometres per capita for all cities and developed cities only in 1995 
Relationship between total 
metropolitan road 
infrastructure (road metres 
per capita) and  
City 
level 
Degrees of 
freedom (n-2) 
Function R  square  Significance 
at ≤0.05 
   ac  dc    ac dc ac  dc 
Public transport boardings per 
capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
21 
27 
36 
43 
81 
 
 
 
 
55 
exp 
exp 
exp 
exp 
exp 
0.515 
0.594 
0.599 
0.636 
0.266 
 
 
 
 
0.553 
Yes 
Yes 
Yes 
Yes 
Yes 
 
 
 
 
Yes 
Public transport vehicle 
kilometres of service per 
capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
21 
27 
36 
43 
81 
 
 
 
 
55 
exp 
exp 
exp 
exp 
exp 
0.367 
0.430 
0.475 
0.413 
0.086 
 
 
 
 
0.285 
Yes 
Yes 
Yes 
Yes 
Yes 
 
 
 
 
Yes 
Public transport passenger 
kilometres per capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
21 
27 
36 
43 
81 
 
 
 
 
55 
exp 
exp 
exp 
exp 
exp 
0.319 
0.434 
0.562 
0.508 
0.202 
 
 
 
 
0.312 
Yes 
Yes 
Yes 
Yes 
Yes 
 
 
 
 
Yes 
 
Note: ac = developed and developing cities, dc = developed cities only 
Source: Beyer (1973), IRF (1973 to 2002), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The results suggest that higher road provision in cities is negatively associated with the public 
transport service levels and usage in a statistically significant way for the data from 1960 to 1995.  
Again, the 1995 data reveal a weakening of the relationship when many developing cities are 
added to the analysis.  It should be noted that the same pattern occurs with both density variables, 
further highlighting the problematic nature of consistent relationships between public transport and 
other variables once developing cities are introduced.  This is particularly understandable in light 
of the fact that transit system development in developing cities varies greatly. 
Road infrastructure speed and public transport boardings, vehicle kilometres of service and 
passenger kilometres per capita at a city level 
Table 3.27 shows the relationship between total metropolitan road network speed (km/h) and 
annual average public transport boardings per capita, annual average public transport vehicle 
kilometres of service per capita and annual average passenger kilometres per capita at a city level. 
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Table 3.27 – Relationship between total metropolitan road infrastructure speed (km/h) and annual average public transport 
boardings, vehicle kilometres of service and passenger kilometres per capita for all cities and developed cities only in 1995 
Relationship between 
metropolitan road network 
speed (km/h) and  
City 
level 
Degrees of 
freedom (n-2) 
Function R  square  Significance 
at ≤0.05 
   ac  dc    ac dc ac  dc 
Public transport boardings per 
capita 
All public transport 
 
1980 
1990 
1995 
 
32 
43 
81 
 
 
55 
log 
exp 
exp 
0.633 
0.709 
0.336 
 
 
0.535 
Yes 
Yes 
Yes 
 
 
 
Yes 
Public transport vehicle 
kilometres of service per 
capita 
All public transport 
 
1980 
1990 
1995 
 
32 
43 
81 
 
 
55 
log 
exp 
exp 
0.300 
0.492 
0.072 
 
 
0.207 
Yes 
Yes 
Yes 
 
 
 
Yes 
Public transport passenger 
kilometres per capita 
All public transport 
 
1980 
1990 
1995 
 
32 
43 
81 
 
 
55 
log 
exp 
exp 
0.505 
0.628 
0.203 
 
 
0.302 
Yes 
Yes 
Yes 
 
 
 
Yes 
 
Note: ac = developed and developing cities, dc = developed cities only 
Source: Beyer (1973), IRF (1973 to 2002), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The data sets for 1960 and 1970 are omitted as they contain less than ten cities and as such cause 
considerable noise in the results.  The results for 1980 and 1990 suggest fairly consistently that a 
higher road network speed, implying greater service levels for private automobiles, is associated 
with poorer provision and use of public transport.  This is consistent with the literature suggesting 
priorities to private transport will adversely affect other modes.  The problematic nature of the 
1995 data are again highlighted with respect to the inclusion of developing cities, which leads to 
greater variability compared to samples dominated by wealthier cities. 
Overall public transport speed and public transport boardings, vehicle kilometres of service and 
passenger kilometres per capita at a city level 
Table 3.28 shows the relationship between overall public transport network speed (km/h) and 
annual average public transport boardings per capita, annual average public transport vehicle 
kilometres of service per capita and annual average passenger kilometres per capita at a city level. 
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Table 3.28 – Relationship between the overall public transport network speed (km/h) and annual average public transport 
boardings, vehicle kilometres of service and passenger kilometres per capita for all cities and developed cities only in 1995 
Relationship between the 
overall public transport 
network speed (km/h) and  
City 
level 
Degrees of 
freedom 
(n-2) 
Function R  square  Significance 
at ≤0.05 
   ac  dc    ac dc ac  dc 
Public transport boardings per 
capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
27 
31 
38 
43 
81 
 
 
 
 
55 
lin 
lin 
log 
exp 
pow 
 
 
 
 
 
exp 
0.279 
0.252 
0.037 
0.015 
0.021 
 
 
 
 
0.001 
Yes 
Yes 
No 
No 
No 
 
 
 
 
No 
Public transport vehicle 
kilometres of service per 
capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
27 
31 
38 
43 
81 
 
 
 
 
55 
lin 
lin 
log 
exp 
exp 
 
 
 
 
 
lin 
0.213 
0.327 
0.097 
0.029 
0.009 
 
 
 
 
0.105 
Yes 
Yes 
No 
No 
No 
 
 
 
 
Yes 
Public transport passenger 
kilometres per capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
27 
31 
38 
43 
81 
 
 
 
 
55 
lin 
lin 
lin 
lin 
lin 
 
 
 
 
 
lin 
0.449 
0.441 
0.031 
0.127 
0.044 
 
 
 
 
0.199 
Yes 
Yes 
No 
Yes 
No 
 
 
 
 
Yes 
Note: ac = developed and developing cities, dc = developed cities only 
Source: Beyer (1973), IRF (1973 to 2002), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
 
The statistical analysis shown in Table 3.28 gives quite variable impacts of the relationship 
between overall public transport network speed and the factors investigated.  It is suggested that 
the weakening of the relationship from 1960 to 1995 may be due to the increasing influence of 
automobile usage especially in the developed cities.  Also city rail networks may contribute to the 
stronger relationship in 1995 for the relationship between overall transit speed and public transport 
vehicle kilometres of service and passenger kilometres per capita. 
Ratio of overall public transport speed to road infrastructure speed and public transport boardings, 
vehicle kilometres of service and passenger kilometres per capita at a city level 
Table 3.29 shows the results of an examination of the relationship of the ratio between the overall 
public transport network speed to the total metropolitan road network speed (km/h) and annual 
average public transport boardings per capita, annual average public transport vehicle kilometres 
of service per capita and annual average passenger kilometres per capita at a city level. 
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Table 3.29 – Relationship between ratio of overall public transport to the metropolitan road infrastructure speed (km/h) and 
annual average public transport boardings, vehicle kilometres of service and passenger kilometres per capita for all cities 
and developed cities only in 1995 
Relationship between 
metropolitan road network 
speed (km/h) density and  
City 
level 
Degrees of 
freedom (n-2) 
Function R  square  Significance 
at ≤0.05 
   ac  dc    ac dc ac  dc 
Public transport boardings per 
capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
6 
10 
31 
43 
81 
 
 
 
 
55 
log 
log 
log 
log 
pow 
0.707 
0.739 
0.310 
0.414 
0.184 
 
 
 
 
0.289 
Yes 
Yes 
Yes 
Yes 
Yes 
 
 
 
 
Yes 
Public transport vehicle 
kilometres of service per 
capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
6 
10 
31 
43 
81 
 
 
 
 
55 
log 
log 
log 
log 
pow 
0.644 
0.538 
0.141 
0.221 
0.084 
 
 
 
 
0.335 
Yes 
Yes 
Yes 
Yes 
Yes 
 
 
 
 
Yes 
Public transport passenger 
kilometres per capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
6 
10 
31 
43 
81 
 
 
 
 
55 
log 
lin 
lin 
lin 
lin 
0.515 
0.922 
0.549 
0.600 
0.275 
 
 
 
 
0.471 
Yes 
Yes 
Yes 
Yes 
Yes 
 
 
 
 
Yes 
Note: ac = developed and developing cities, dc = developed cities only 
Source: Beyer (1973), IRF (1973 to 2002), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
The results of this analysis further develop relationships between transport speed and a series of 
public transport factors.  After somewhat variable results obtained in the two previous 
assessments, here there is a suggestion of a more robust and positive association between this ratio 
of a city’s transport systems’ speed and public transport factors.  The results indicate that cities 
with a higher public transport speed than road speed are at an advantage of attracting greater 
public transport patronage and use.  A close inspection of these data indicate that this speed 
advantage, and thus a higher public transport utilisation, stems from its public transport rail system 
that usually has higher speeds than its road system.  Again the analysis shows that there is a 
weakening of the relationship with a higher proportion of developing cities’ data in the 1995 data 
set 
Automobile parking bays (central business district) and public transport boardings, vehicle 
kilometres of service and passenger kilometres per capita at a city level 
Table 3.30 shows the relationship between automobile parking levels in the central business 
district (CBD parking bays per 1,000 workers) and annual average public transport boardings per 
capita, vehicle kilometres of service per capita and public transport passenger kilometres per 
capita.  The radial nature of most public transport systems means that the availability of parking in 
the CBD can have a significant influence on overall public transport usage.   155 
Table 3.30 – Relationship between CBD parking bays per 1,000 workers and annual average public transport boardings, 
vehicle kilometres of service and passenger kilometres per capita at a city level 
Relationship between CBD 
parking bays per 1,000 workers 
and 
City 
level 
Degrees of 
freedom (n-
2) 
Function  R square  Significance at 
≤0.05 
Public transport boardings per 
capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
18 
26 
37 
40 
81 
exp 
exp 
exp 
exp 
exp 
0.384 
0.675 
0.561 
0.651 
0.471 
Yes 
Yes 
Yes 
Yes 
Yes 
Public transport vehicles 
kilometres of service per capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
18 
26 
37 
40 
81 
exp 
exp 
exp 
exp 
exp 
0.248 
0.584 
0.469 
0.557 
0.247 
Yes 
Yes 
Yes 
Yes 
Yes 
Public transport passenger 
kilometres per capita 
All public transport 
 
1960 
1970 
1980 
1990 
1995 
 
18 
26 
37 
40 
81 
exp 
exp 
exp 
exp 
exp 
0.433 
0.672 
0.607 
0.691 
0.454 
Yes 
Yes 
Yes 
Yes 
Yes 
Source: Beyer (1973), IRF (1973 to 2002), Kenworthy et al. (1999), Kenworthy and Laube (2001). 
This is borne out by the results, which show that there is a fairly consistent and reasonably strong 
negative association between CBD parking supply and public transport service and usage levels in 
the 1960 to 1990 data sets.  Again, this is weakened somewhat for the 1995 data set, but not as 
significantly as for previous variables.  The 1995 correlations are still significant at the 5% level.  
Higher CBD parking would appear to lead to reduced public transport usage, and this is reasonably 
robust over a long period of time. 
Measures affecting total non-motorised mobility 
Table 3.31 shows the statistical results of a series of regressions between the combined total of 
annual walking and bicycling trips per capita and a wide selection of measures.  The analysis is 
limited to a 1995 data set due to the lack of walking and bicycling data in earlier data sets.  The 
measures considered are: 
•  the number of automobiles per 1,000 persons 
•  annual average automobile kilometre of travel per capita 
•  annual average automobile passenger kilometres per capita 
•  annual average public transport vehicle kilometres of service per capita 
•  annual average public transport passenger kilometres of travel per capita 
•  metropolitan population density (persons per sqkm) 
•  metropolitan employment density (jobs per sqkm)   156 
•  metropolitan automobile parking (CBD parking bays per 1,000 workers) 
•  total metropolitan road network speed (km/h) 
•  overall public transport network speed (km/h) 
•  ratio of public transport to road network speed 
•  total metropolitan road network (road metres per capita) 
•  total metropolitan rail network (rail metres per capita). 
 
Table 3.31 – Best-fit relationships between total annual average non-motorised trips per capita and a series of measures for 
1995 
Relationship between total  
annual average walking and 
bicycling trips per capita and  
City 
level 
for 
1995 
Degrees of 
freedom 
(n-2) 
Function R 
square 
Significance at 
≤0.05 
Automobiles per 1,000 persons 
 
Automobile kilometres per capita 
 
Automobile passenger kilometres 
per capita 
 
Public transport vehicle 
kilometres of service per capita 
 
Public transport passenger 
kilometres per capita 
 
Population density 
 
Employment density 
 
CBD parking bays per 1,000 
workers 
 
Road infrastructure speed (rd) 
 
Overall public transport network 
speed (pt) 
 
Transport network speed ratio 
(pt/rd) 
 
Road metres per capita 
 
Rail metres per capita 
 
 
81 
 
81 
 
 
81 
 
 
81 
 
 
81 
 
 
81 
 
81 
 
81 
 
 
81 
 
81 
 
 
81 
 
81 
 
81 
 
log 
 
log 
 
 
log 
 
 
pow 
 
 
pow 
 
 
pow 
 
pow 
 
log 
 
 
log 
 
exp 
 
 
pow 
 
log 
 
pow 
0.101 
 
0.234 
 
 
0.256 
 
 
0.117 
 
 
0.220 
 
 
0.132 
 
0.173 
 
0.296 
 
 
0.290 
 
0.001 
 
 
0.268 
 
0.178 
 
0.091 
Yes 
 
Yes 
 
 
Yes 
 
 
Yes 
 
 
Yes 
 
 
Yes 
 
Yes 
 
Yes 
 
 
Yes 
 
No 
 
 
Yes 
 
Yes 
 
Yes 
 
 
The results of this analysis show a series of rather weak statistical R
2 values for the relationships 
between a city’s combined total of annual walking and bicycling trips per capita and a wide 
selection of measures.  However, this limited analysis does offer transport decision makers with 
valuable insights into some of the measures that impact on a city’s non-motorised mobility.  It 
achieves this by indicating, even tentatively that those measures associated with automobile usage, 
such as automobile passenger kilometres per capita, CBD parking supply and road network   157 
infrastructure and speed, have a negative influence on non-motorised mobility at the city level.  
Overall, these values offer positive reinforcement to automobile ownership and use and are 
significant disincentives towards non-motorised travel.  Those measures, which encourage or are 
positively associated with non-motorised mobility are population and employment density and a 
robust public transit system, especially its service, supply and the ratio of public transit to road 
network speed. 
3.7  Chapter summary and conclusion 
A review of the literature from both academic and professional sources describes, discusses and 
identifies a series of fundamental underlying physical and human, social and management 
measures that are drivers of both public transport and non-motorised mobility.  Firstly, this chapter 
develops the brief overview of the world’s urbanisation and population movement that is specific 
to public transport and non-motorised mobility.  This overview concludes that increasing 
urbanisation brings with it increased personal affluence and private motorised mobility that has the 
potential to reduce public transport and non-motorised mobility at the national and city level. 
In developed cities generally, public transport is based on both bus and rail networks and 
infrastructure, while a bus only component is the mainstay of public transport in many less 
developed cities.  In many less developed cities, as formal public transport systems fail to deliver 
an effective service, there is a growing network of informal paratransit systems that offer a viable 
public transportation alternative. 
Secondly, the chapter describes a series of physical measures that are the drivers of public 
transport and non-motorised mobility across both more and less developed countries and cities.  
This chapter will extend the literature’s understanding of these measures by drawing together a 
number of independent data sets from a variety of sources.  This is the first time these data sets 
have been used to determine statistical relationships that drive public transport and non-motorised 
mobility.  These data sets use information that is as close as practicable to the present time.  This 
chapter has identified a number of human, social and management measures that influence public 
transport and particularly non-motorised mobility at a city level.  These human, social and 
management measures are associated with strong cultural backgrounds and ethnic attitudes and are 
also linked to preferences and perceptions, and ingrained habits, and together form an overarching 
complex matrix of additional micro-level influential measures that drive public transport and non-
motorised mobility (OECD, 1996).  The thesis has concluded that the measures that drive public   158 
transport and non-motorised mobility do not act alone, but in a complex combination of both 
physical and human, social and management measures. 
Unlike automobile ownership and use, personal affluence (GDP per capita) is not a significant 
influence on public transport service or supply at the city level.  Amongst the measures that 
significantly influence public transport is automobile usage, which has a strongly negative 
association, although its significance does weaken with an increasing proportion of developing 
cities in the data being assessed.  The amount of urban road infrastructure and the quantity of 
parking supply in a city’s central business district show a similar negative influence on urban 
public transport mobility.  Those measures that have a significant positive influence on public 
transport are urban population and employment density.  An important positive measure that 
influences public transport usage is the ratio of public transport to road network speed.  This 
measure strongly suggests that cities need not become faster in absolute terms in their travel, but 
rather that transit needs to be faster than the prevailing road traffic speed.  Adoption of this 
strategy is more environmentally positive for the urban population as it potentially offers reduced 
air and noise pollution from a city’s automobiles.  In assessing those measures that drive public 
transport, it is important to have an understanding of their positive or negative association, 
especially when developing a model that is capable of predicting public transport mobility. 
In providing a comprehensive examination and summary of the measures that influence non-
motorised mobility at the city level, the thesis is hampered somewhat because relevant data is only 
available in 1995.  However, even with this limitation the measures assessed show rather weaker 
R
2 relationships when compared with similar relationships developed for public transport.  The 
major negative influences on non-motorised mobility are those measures associated with 
automobiles such as passenger kilometres, road infrastructure and parking supply in the cities’ 
central business district.  Other measures such as urban population and employment density and 
the speed ratio between public transit and road network have a positive association with non-
motorise mobility, walking and bicycling, non-motorised mobility, at the city level. 
Thirdly, this chapter undertakes a series of statistical analyses to confirm the fundamental 
underlying physical measures that drive both public transport and non-motorised mobility.  This 
thorough analysis is necessary to establish, from a wide range of opinions proposed in the 
literature, what does and what does not drive public transport and non-motorised mobility at the 
city level.  It also demonstrates the measures are consistent in driving public transport and non-
motorised mobility at the city level despite the passage of time.  It also highlights the importance   159 
of the proportion of developing cities within the data set that is shown by a weakening of the 
statistical significance of the relationship. 
This chapter concludes that the measures shown in Table 3.32 are the fundamental underlying 
physical drivers of public transport and non-motorised mobility and are defined in terms used by 
Kenworthy et al. (1999). 
Table 3.32 – The fundamental underlying physical drivers of public transport and non-motorised mobility. 
Fundamental driver  National 
level 
City 
level 
Household 
level 
1. Transportation       
Automobile ownership and use    Yes  Yes 
Automobile passenger kilometres per capita    Yes  Yes 
      
2. Wealth and economics       
Gross Domestic Product per capita  Yes  Yes   
Household income      Yes 
      
3. Demographics       
Total metropolitan population density    Yes  Yes 
Total metropolitan employment density    Yes  Yes 
      
4. Urban environment       
Total built-up (urbanised) area of the metropolitan area    Yes   
Residential location and housing density      Yes 
Automobile parking associated with housing      Yes 
      
5. Urban infrastructure       
Total metropolitan road network length    Yes   
Number of car parking bays per 1,000 CBD workers    Yes   
Average road network speed    Yes   
Overall public transport average speed    Yes   
The chapter also concludes that the measures shown in Table 3.33 are identified as the 
fundamental underlying human, social and management drivers of public transport and non-
motorised mobility. 
Table 3.33 – The fundamental underlying ‘human, social and management’ drivers of public transport and non-motorised 
mobility. 
Fundamental driver  National 
level 
City 
level 
1. Preference and perception associated with culture and ethnic 
background 
  
Personal life-style habits and attitudes to daily non-automobile 
mobility. 
Yes Yes 
Community attitudes and cultural differences at a regional and 
geographical level towards personal non-automobile mobility. 
Yes Yes 
Personal security and safety during service use.  Yes  Yes 
    
2. Governance, strategy, policy, planning and management     
At a National, State and Local level deliver access to non-automobile 
mobility systems and networks. 
Yes Yes 
Economic management and fiscal instruments of taxes and charges.  Yes  Yes 
    
3. Quality of non-motorised mobility     
Public transport service management and operation.    Yes   160 
Public transport vehicles. Yes  Yes 
Public transport infrastructure, stops, stations.    Yes 
Information to passengers and community, and marketing.    Yes 
Integration of service networks and timetables, common ticketing 
and fare structure. 
 Yes 
Availability, efficiency and capacity of service.    Yes 
Walking and bicycling infrastructure, safety in usage.    Yes 
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CHAPTER FOUR 
 
SYSTEMS MODEL OF PRIVATE MOTORISED URBAN MOBILITY 
 
4.1 Introduction 
At a global, national and city level, considerable research is being undertaken on the growing 
proliferation of automobiles and motorcycles and the impact that their usage has on the economic, 
environmental and social sustainability of cities.  A significant part of this research involves the 
collection of data on demography, employment, land-use and transportation modes and patterns at 
a national, city and household level (for example Newman and Kenworthy, 1989; City of 
Edmonton, 1995; DETR, 1997; Kenworthy et al., 1999; USDoT, 1999; Parsons et al., 2000; 
Kenworthy and Laube, 2001).  These data provide a huge array of information about personal 
mobility and its key measures and drivers.  Analysis of this information can potentially enable 
governments at all levels (national, state and local) to make improved strategic management and 
planning decisions on land-use and transportation that may help to reduce dependence on the 
automobile and move the city in a more sustainable direction. 
In the case of cities, data sets alone are generally not in themselves sufficient in helping decision 
makers, unless they can be systematised or modelled to reveal something of the way the urban 
system functions and how it responds to different factors.  A reliable predictive model of private 
motorised mobility is of great practical use, given the large impact of automobiles on cities.  A key 
to producing an effective and user-friendly policy model on private motorised mobility is to 
maximise the model’s modelling capacity, while minimising the complexity of the input variables.  
The previous chapters have revealed that there is potentially a wide range of factors that influence 
private motorised mobility.  However, at a metropolitan scale there appear to be few, if any, 
attempts to draw these different factors together to produce a model that reliably models private 
motorised mobility and resolves and eliminates the various interdependencies and co-correlations 
between the key factors.  This chapter attempts to fill this gap. 
Because of the large impacts on cities of private motorised travel, a major requirement of strategic 
urban management and planning process is to be able to assess and model possible future trends in  162 
private motorised mobility under different scenarios.  Modelling of various transportation and 
land-use scenarios offers the decision-maker a valuable tool in defining a range of potential policy 
options on private mobility by systematically varying the model’s input data. 
The purpose of this chapter is to take the suggested fundamental underlying measures that drive 
private motorised mobility, shown in Table 2.38, as the basis for the development of a model that 
describes and models private motorised mobility in an urban environment.  Firstly, the measures of 
private motorised urban mobility will be described in a format that is compatible with the 
terminology used by Kenworthy et al. (1999) to ensure that the values of individual measures used 
as dependent and independent variables are compatible and there is continuity between the data 
sets.  Secondly, a brief exposition is given of the underlying theory, principles and techniques of 
dimensional analysis outlined by Buckingham (1914) and used in this thesis to develop a series of 
dimensionally homogeneous equations, which explain private motorised urban mobility.  This 
modelling approach taken from the physical sciences, is designed to eliminate the uncertainties 
involved in traditional multiple regression analyses by using only variables that are totally 
independent of each other.  Thirdly, the model’s mobility equation is developed and its structural 
form and consistency over time is investigated.  Fourthly, the model is validated and its modelling 
capacity statistically assessed against an independent data set that contains land-use and 
transportation information from a broad range of cities on all continents (Kenworthy and Laube, 
2001).  The chapter concludes with a discussion of the model equation and the measures that it 
uses to define private motorised urban mobility. 
4.2  The measures that drive private motorised urban mobility 
From reviews and analyses carried out in this thesis, the underlying measures that drive private 
motorised urban mobility are related to income, population, urban form, urban employment, 
transport infrastructure supply and service, modal choice and modal characteristics as well as a 
range of qualitative factors that relate to culture, behaviour and attitude.  The literature review 
terminology is used when specifying the fundamental drivers of private motorised urban mobility.  
However, Kenworthy et al. (1999) contains the primary data sets utilised to develop the private 
motorised urban mobility model, and it is noted that there are some differences between the 
terminology used to describe these fundamental drivers and the cultural variables used to measure 
the drivers.  Table 4.1 brings together the fundamental drivers of private urban motorised mobility 
and their respective controlling measures as defined by Kenworthy et al. (1999).  It should be 
noted that, in terms of specifying private vehicle usage, the controlling measure as used by  163 
Kenworthy et al. (1999) is total annual vehicle kilometres of travel by passenger cars, taxis and 
motor cycles. 
Table 4.1 – Fundamental drivers of private motorised mobility and their corresponding controlling measures 
Fundamental drivers of private 
motorised mobility 
Controlling measures - Kenworthy et al. (1999) terminology 
1. Economic and wealth.   
1A. Income   
GDP per capita. 
Income per household. 
Gross domestic product per capita of the metropolitan area. 
 
 
1B. Expenditure 
 
 
Annual per capita expenditure on road investment. 
Annual per capita expenditure on public transport 
investment. 
2. Population   
Population of urban settlements. 
Number of persons per household. 
 
Total population of the metropolitan area. 
3. Urban form.   
Density of population. 
Density of households. 
Location of residence. 
 
Total built-up (urbanised) area of the metropolitan area. 
4. Urban employment.   
Density of labour force. 
Number of workers per 
household. 
 
Total number of jobs in the metropolitan area. 
5. Transport infrastructure, 
supply and service. 
 
Total road network length. 
Total rail network length. 
Number of motorised vehicles. 
 
 
 
Total length of metropolitan road network. 
Total length of metropolitan rail network. 
Number of passenger cars, taxis and motorcycles on register. 
Total annual public transport vehicle kilometres of service. 
Total annual public transport passenger seat kilometres. 
 
6. Modal choice and modal 
characteristics. 
 
Vehicle occupancy. 
 
Saturation impact of private 
motorised vehicles. 
 
Public transport modes. 
 
 
Non-motorised modes. 
 
 
Average passenger car, taxi and motorcycle occupancy. 
 
 
 
 
Total annual public transport passenger boardings. 
Average public transport trip length. 
 
Total annual number of walking and bicycling trips. 
Average length of walking and bicycle trip. 
 
7. Human, social and management 
factors 
 
Culture, behaviour, attitude.  Not considered in model development for this thesis through 
a lack of standardised data for 1960 to 1990. 
 
The operational measures defined by Kenworthy et al. (1999) are used to develop the model on the 
basis that data for these measures are generally readily available or are routinely ascertained in 
most urban areas.  These are measures that can be determined at a macro-level in cities, as 
compared to micro-level design factors and other matters referred to, for example, by Holtzclaw  164 
(1994).  As such, it is expected that most urban areas would be able to avail themselves of the 
necessary inputs into the model. 
The measures have been chosen on the basis that: 
•  Population in many ways defines the characteristics and size of a city and is essential in the 
standardisation of many factors to a ‘per capita’ value. 
•  The metropolitan urbanised land area (sq km) similarly defines the size of a city and allows 
more meaningful standardised comparisons between cities, particularly density factors. 
•  The total number of jobs in the metropolitan area defines the size of the city’s job market, 
which has a direct linkage to its overall mobility via the various transportation modes workers 
use in the journey-to-work. 
•  The total length (km) of a city’s road network is indicative of the extent to which 
transportation, especially private transportation is catered for, and is a key factor in 
determining traffic density and congestion. 
•  The total length (km) of a city’s rail network provides an indicator of the quality and extent of 
non-road based transportation which is free of traffic congestion and which competes directly 
with the convenience and reliability of private transportation. 
•  The numbers of passenger cars, motor cycles and taxis with their corresponding annual 
kilometres of travel and occupancy are direct indicators of a city’s private motorised mobility.  
The number of private vehicles influences the access people have to private modes and 
occupancy is important in determining actual mobility levels. 
•  The public transport service and usage indicators are a reflection of the factors that help to 
minimise the reliance of a city’s population and workforce on private motorised mobility. 
•  The use of non-motorised transport modes of walking and cycling are factors that help to 
minimise the level of private motorised mobility by catering for many shorter trips for various 
purposes that would otherwise be undertaken in automobiles or other modes of private 
transport.  Their extent depends on a number of complex factors related to density, mixed 
land-use, environmental quality of the public realm and micro-scale design factors. 
•  The economic indicators reflect the wealth of the city and, by implication, its capacity to 
afford private motorised mobility, and the infrastructure expenditure variables measure the 
level of spending on roads versus public transport.  Different levels of spending on 
infrastructure influence the supply of the respective types of transport infrastructure and, by 
implication, the relative attractiveness of private and public modes. 
4.3  A non-dimensional private motorised urban mobility indicator 
Based on routinely available data as outlined in Table 4.1, a non-dimensional private motorised 
mobility indicator, Πmob, for a city was defined as the ratio of actual total annual private motorised 
passenger kilometres to the potential total annual private motorised passenger kilometres 
  Πmob  =  (αkαo + δkδo + ηkηo) / (365βp50)   (4.1)  165 
where αk is the total annual vehicle kilometres of travel by passenger vehicles, αo the average 
passenger vehicle occupancy, δk the total annual vehicle kilometres of travel by motor cycles, δo 
the average motor cycle occupancy, ηk the total annual vehicle kilometres of travel by taxis, ηo the 
average taxi occupancy, βp the total population of the metropolitan area, and 365 represents the 
number of days in a year. 
An average daily trip length of 50 kilometres is taken as representing the theoretical maximum 
daily private passenger vehicle travel per person in any city.  This is based upon an average travel 
time budget of one (1) hour per person per day (Schafer and Victor, 1997; Schafer, 1998; 
Gunnarsson, 2000; Schafer, 2000;) and an average speed of 50km/h for road traffic.  The 24-hour 
average road traffic speed in most cities does not exceed 50km/h (Kenworthy and Laube, 2001) 
and the overall average travel time per person per day of about 1-hour has been shown to be fairly 
constant for centuries (though travel times for individuals in any city follow a normal distribution). 
Although Equation 4.1 defines total private motorised mobility, historical data were not available 
in many cities for motor cycles and taxis (Kenworthy et al., 1999) and thus a simpler version 
limited to private passenger vehicles was defined as 
  Πmob1  =  (αkαo) / (365βp5 0 )       ( 4 . 2 )  
These equations provide a simple relative measure of private motorised mobility for any city and 
the aim now is to relate them to the underlying drivers of urban private motorised mobility. 
4.4  Data sets for the controlling measures 
The model’s primary data are based on a host of international cities for 1960, 1970, 1980 and 1990 
from demographic, employment, urban form and transportation values contained in Kenworthy et 
al. (1999) and shown in Appendices 1.1 to 1.4, respectively.  The geographical distribution of the 
cities in the model’s data sets is shown in Table 4.2, and the individual cities included in each 
geographical region are shown in Table 4.3 for 1960, 1970, 1980 and 1990. 
Table 4.2 – Geographical distribution of cities in the 1960, 1970, 1980 and 1990 data sets 
Year Total  cities USA Canada Australia Europe  Asia 
developed 
Asia 
developing 
1960 18  6  1  4  6  1  0 
1970 24  9  1  5  8  1  0 
1980 37  13 3  6  11  3  1 
1990 45  13 7  6  11  3  5 
Source: Kenworthy et al. (1999). 
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Table 4.3 – Cities included in each region and country for the 1960, 1970, 1980 and 1990 data sets 
USA  Canada  Australia  Europe  Asia developed  Asia developing 
Boston 
Chicago 
Denver 
Detroit 
Houston 
Los Angeles 
New York 
Phoenix 
Portland 
Sacramento 
San Diego 
San Francisco 
Washington 
Calgary 
Edmonton 
Montreal 
Ottawa 
Toronto 
Vancouver 
Winnipeg 
Adelaide 
Brisbane 
Canberra 
Melbourne 
Perth 
Sydney 
Amsterdam 
Brussels 
Copenhagen 
Frankfurt 
Hamburg 
London 
Munich 
Paris 
Stockholm 
Vienna 
Zurich 
Hong Kong 
Singapore 
Tokyo 
Bangkok 
Jakarta 
Kuala Lumpur 
Manila 
Surabaya 
Source: Kenworthy et al. (1999). 
It should be noted that data for all the measures shown in Table 4.1 were not available for every 
city in each decade 1960, 1970, 1980 and 1990.  For example, GDP per capita and metropolitan 
rail network length measures were only available for 1990.  Motor cycles and taxi data were only 
available for 1990 in the cities where these are particularly significant, that is, developing Asian 
cities.  Some measures were not available at all in the 1960 to 1990 data, that is, public transport 
seat kilometres and annual number of walking and bicycling trips.  The maximum amount of 
available data and maximum number of cities were thus used at each stage of the private motorised 
urban mobility model’s development (see Table 4.2). 
Each of the data sets for an individual city is independent of each other, because an entirely 
separate and independent data collection exercise was used for each decade.  Within a given city, 
data for different decades was often compiled from totally independent and different sources and 
no extrapolations from one decade to the next were made (Newman and Kenworthy, 1989; 
Kenworthy et al., 1999). 
4.5  Model development: the underlying approach 
Urban transport planning models are based on the notion that traffic can be modelled in aggregate 
measures through statistical data and predictive modelling techniques.  There are many criticisms 
of such land-use transport models which embrace both technical and conceptual shortcomings (for 
example Kenworthy, 1990).  The thesis is not attempting to provide an alternative to these detailed 
land-use transport planning models.  Rather the model developed is at a more aggregate level, 
being formulated from city-level macro data that describe various aspects of the land-use transport 
system.  Its aim is to provide a reliable and robust prediction of private motorised mobility at a 
whole city level and an insight into how various major policy levers will affect such mobility over 
time.  It does, however, try to avoid many of the problems encountered in traditional transport  167 
planning models, which are based on standard regressions.  The use of dimensional analysis from 
the physical sciences acknowledges more explicitly that cities are physical systems, which in all 
probability obey certain physical laws (Laube et al., 1999), and are further examples of self-
organising structures which emerge from local actions (Batty, 1995; Stanley et al., 1996). 
As practical instruments, transportation models play an important role in providing decision-
makers with analytical tools to help them understand their city and the different future scenarios it 
may face.  While not necessarily producing foolproof information or predictions, models are still 
the best methods available to test the likely implications of alternative transportation and planning 
policy decisions in a rapidly changing urban environment.  Urban transport models are generally 
based on the notion that traffic can be modelled in aggregate measures through statistical data and 
predictive modelling techniques.  Today, computer generated travel demand and land-use models 
are assisting transport policy decision-makers in both the developed and developing world (Zegras 
et al., 1995).  There are, however, many criticisms of such land-use transport models which 
embrace both technical and conceptual shortcomings (Kenworthy, 1990; Bannister, 2002; CTRE, 
2002). 
4.5.1 Transport  models: brief overview 
In this thesis it is not practicable to review the current totality of land-use transportation models.  
In essence a model is the representation of a real world phenomenon through a set of mathematical 
equations and the ultimate aim of land-use transportation system models is to determine the 
amount of traffic or travel in an urban area under different scenarios into the future.  From this, the 
models then attempt to evaluate the best way of dealing with the projected levels of travel and all 
their economic, social and environmental implications.  A Historical Overview of Transportation 
Planning Model Development from the Centre for Transportation Research and Education 
provides a detailed outline of the development of a number of prominent land-use transportation 
and planning models from the 1960s onwards (CTRE, 2002).  Major advances in computer 
hardware through this period enhanced the software capabilities of these urban models and lead to 
innovations and development of inter-city, regional and national transportation planning models.  
This review concludes that (10p): 
“The transportation planning process has made considerable progress in recent years 
in terms of technology used and also theoretically.  Some deficiencies in the earlier 
modelling approaches have been taken care of in some models.  But a universal, 
integrated model, in which all these deficiencies are taken care of, is yet to be 
developed.  This “ideal” model would need to have an integrated system of sub- 168 
models, ranging from economic models, regional impact models, environmental 
impact assessment models, cost-benefit models and so on.” 
Wegener (1994) reviewed the current state-of-the-art of operational integrated urban transport 
models from twenty worldwide organisations and institutions.  The modelling techniques relied on 
matrices of complex combinations of multi-modal networks (road segments) and spatial-
interactions of transport demands, trip generation, trip distribution, modal share of trips and spatial 
patterns of movement across discrete areas set by the model’s boundaries (Hunt and Simmonds, 
1993; Wegener, 1994; Simmonds, 1999).  It is from these complex matrices that a series of 
mathematical equations were developed that were then typically linked together through an 
appropriate computer programming language to form a variety of proprietary urban systems 
software packages, many of which are noted and described in Wegener’s review (Wegener, 1994; 
Simmonds, 1999). 
Bannister (2002) provides a quintessential description of transport planning models (TPM) from 
their basic structure developed in the United States in the 1950s and sequentially through their 
various stages of evolution into the 1990s and beyond.  Bannister describes the TPM structure, 
theoretical weakness and forecasting as its ‘Achilles’ heel’.  In the 1980s these shortcomings and 
further refinements saw development of Integrated Land-use Transport Models (ILUTM), and 
notable amongst them was an Australian model TOPAZ (Technique for the Optimal Placement of 
Activities in Zones) while variations on its concept were developed in Sweden, Britain and 
elsewhere.  Bannister discusses a number of disaggregate behavioural, attitudinal and dynamic 
analysis approaches to modelling transport, to conclude with the use of Geographic Information 
Systems (GIS) as an interface to a land-use and transport model, ESTEEM (Estimation of Travel, 
Energy and Emissions Model). 
Smith (1998) provides a more philosophical appraisal of the mathematical modelling of urban 
systems.  Smith suggests there may be ‘a certain stigma attached’ to mathematical models through 
the complexity of their techniques as noted above and that the fundamental requirement of a model 
is that it is transparent and not just reliant on more and more mathematical and / or computing 
power than is absolutely necessary. 
In the United States, Canada, Western Europe, and other developed countries, most cities have 
relatively sophisticated travel forecasting methods at their disposal, such as so-called “four-step,” 
network-based travel demand models.  Nevertheless, practitioners in these countries also have 
developed sketch-plan forecasting models that can be applied more easily and with fewer 
resources.  These sketch-plan models are used for general policy analysis, where the time and staff  169 
resources are not available to apply a network-based model, or to analyse policies for which 
standard travel demand models simply are not well-suited (Cambridge Systematics, 2003). 
Many of the sketch-plan models currently in use rely upon a variety of mathematical techniques to 
formulate their underlying structure and mathematical equations from values of statistical 
variables that describe the transport environment being modelled.  In the main, linear and multiple 
regression analyses have been used to formulate equations which then are used to model future 
values of a dependent variable using the values of one or more other independent variables (Watt 
and Ayers, 1974; Hunt et al., 2000, Boarnet and Crane, 2001a).  This procedure employs a linear 
function to describe a relationship between the systems’ dependent and independent variables 
(Black, 1981; Allen, 1997).  For example, household income can be correlated with car ownership 
in a city, and the resulting regression then used to model changes in car ownership as income rises.  
There are a multitude of such equations that underpin and drive the standard urban transport 
planning process (Black, 1981; Dimitriou, 1992). 
The thesis postulates that cities are physical systems, which in all probability obey certain physical 
laws and act in predicable ways.  It is this concept that focussed the research away from traditional 
multiple regression analyses and other statistical modelling approaches used in social sciences 
towards statistical techniques used in the physical sciences in understanding physical systems.  
One of the key advantages of using these techniques is that they eliminate factors such as multi-
collinearity by using only totally independent variables.  This is very important since urban 
systems have many highly interactive and complex relationships between different factors that 
some standard statistical techniques cannot adequately deal with. 
4.5.2 Thesis  model  synopsis 
The basis of the private motorised mobility model is the assertion that all cities behave 
consistently and predicable as urban systems.  Despite the passage of time, as well as geographical 
and cultural differences, it is asserted that all cities have a certain systematic behaviour that is the 
essence of being an urban area, and it is this systematic behaviour that defines urban mobility.  
Thus it should be possible to quantify urban mobility across urban areas through an understanding 
of this systematic behaviour.  This is in keeping with Dendrinos and Mullally (1985) who noted 
that, in spite of micro-level complexity, basic insights into urban evolution could be obtained by 
making relatively few strategically placed macro-level observations of urban growth and form.  
With improved urban data, the time is now ripe to renew the quest for generalisation across urban 
systems (Logley and Mesev, 2000).  170 
This model does not attempt to provide an alternative to the more detailed land-use transport 
planning models as outlined in the previous section and in use around the world in major 
transportation studies, for example, Tranplan, Urban Transportation Planning Software (UTPS) 
and Equilibre Multimodal Multimodal Equilibrium Version-2 (EMME-2) amongst others 
described by Wegener (1994).  These models are for use within cities and although they are used 
to test different scenarios for cities, they involve a very detailed model of land-use and transport 
systems of a particular city, including traffic flows along all major links in the network (Hunt and 
Simmonds, 1993; Simmonds, 1999).  The private motorised urban mobility model is at a more 
aggregate level, being formulated, as it were, from city-level macro data that describe various 
aspects of the land-use transport system. 
The aim here is to develop a simple, yet reliable and robust sketch-plan model that predicts private 
motorised urban mobility at a city level.  In particular, as noted in a recent report from the USEPA 
Simplified Travel Demand Forecasting for Developing Countries, the challenge is to develop a 
model that conforms to certain basic principles, which are summarised as follows: 
“The requirements for a model that is useful in cities in developing countries are 
stringent.  In particular, it will be a challenge to develop a model that is a) easy to use, 
minimizing user requirements and data inputs; b) policy-sensitive, capable of 
assessing a sufficient range of policy options; and c) reliable, so that the results can be 
believed.  Nevertheless, we believe that such a model can probably be developed.  
Research has demonstrated significant relationships among aggregate-level variables 
such as income, highway and transit investment, population density, and motor 
vehicle use that could form the basis for a sketch-planning model.  Other data 
sources, more detailed yet limited in geographic scope, could support the inclusion of 
more specific policy variables in the model (Cambridge Systematics, 2003:1-3).” 
The development of the private motorised mobility model as a sketch-plan model specifically 
addresses the three key principles enunciated above.  Furthermore, it avoids many of the problems 
encountered in traditional transport planning models that rely, as already explained, on standard 
statistical regressions.  It thus shifts the focus from these traditional social sciences analytical 
methods and their inherent statistical shortcomings towards techniques used in the physical 
sciences and particularly the engineering sciences.  This acknowledges more explicitly the thesis 
that cities are physical systems, which in all probability obey certain physical laws (Laube et al., 
1999), and are further examples of self-organising structures which emerge from local actions 
(Batty, 1995; Stanley et al., 1996).  For example, work by Ottosson and Persson (1999) on 
mobility, travel time budget and mode-choice has successfully used the conceptual framework of 
Laube et al. (1999) to analyse mobility in Göteborg, Sweden.  171 
In summary, the thesis establishes and adopts a new approach to develop a model of private 
motorised urban mobility by using techniques and principles of dimensional analysis 
(Buckingham, 1914) to formulate the model’s underlying equations that describe an individual 
city’s private motorised urban mobility. 
4.5.3  Dimensional analysis: a brief exposition 
The private motorised mobility sketch-plan model developed in this chapter (Cameron et al., 2003) 
has been formulated using the principles of dimensional analysis, which is a powerful technique 
that can be used to develop our understanding of any system when we know the controlling 
measures, but do not have a model through which to relate these measures.  Dimensional analysis 
is based on the premise that a dimensionally homogeneous relationship exists between the 
controlling measures.  In essence, this means that the relationship between the controlling 
measures is independent of the choice of units, and any relationship so derived will be completely 
general and valid for all observers (Wiesenfeld, 2001).  It is underpinned by the inherent 
assumption that all of the controlling measures have been identified and that independent 
dimensionless ratios of these are related to each other by some, as yet, unknown function. 
Dimensional analysis is a technique used particularly in physics and engineering for deriving 
theoretical equations, checking empirical formulae, designing experiments, interpreting results 
from scale models and converting between different systems of units.  In essence, it offers a 
method for specifying the form of the functional relationship between a number of measures (de 
Jong and Quade, 1967) and reducing complex physical problems to the simplest form prior to 
obtaining a quantitative solution (Sonin, 2001).  It has been adopted on the basis that cities behave 
as urban systems which, at an aggregate level, display certain systematic behaviour with regard to 
private motorised mobility and can thus be treated as physical systems. 
Buckingham (1914) proposed a systematic approach for performing dimensional analysis, which 
involves the identification of the controlling parameters (measures) and their basic dimensions.  It 
provides a viable option for problems where theoretical reasoning does not imply a functional 
relationship yet does suggest the controlling variables.  Table 4.4 shows the dimensional forms and 
abbreviations for the candidate measures that specify and drive private motorised urban mobility 
as listed in Table 4.1. 
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Table 4.4 – Dimensional form of the indicators and measures (controlling parameters) that drive private motorised mobility 
Measure (controlling parameters) Dimension  Abbreviation 
Total population of the metropolitan area 
Total number of jobs in the metropolitan area 
 
Total built-up (urbanised) area of the metropolitan area (sq km) 
Total length of metropolitan road network (km) 
Total length of metropolitan rail network (km) 
 
Number of private passenger vehicles on register 
Total annual VKT by passenger vehicles 
Average passenger vehicle occupancy 
 
Number of motor cycles on register 
Total annual VKT by motor cycles 
Average motor cycle occupancy 
 
Number of taxis on register 
Total annual VKT by taxis 
Average taxi occupancy 
 
Total annual public transport passenger boardings 
Total annual public transport passenger seat kilometres 
Total annual public transport vehicle kilometres of service 
Average public transport trip length (km) 
 
Total annual number of walking trips 
Average length of walking trip (km) 
 
Total annual number of cycling trips 
Average length of cycling trip (km) 
 
GDP per capita 
Annual expenditure on road investment 
Annual expenditure on public transport investment 
[P] 
[P] 
 
[LL] 
[L] 
[L] 
 
[V] 
[VL/T] 
[P/V] 
 
[V] 
[VL/T] 
[P/V] 
 
[V] 
[VL/T] 
[P/V] 
 
[P/T] 
[L] 
[L] 
[L] 
 
[P/T] 
[L] 
 
[P/T] 
[L] 
 
[$/P] 
[$/T] 
[$/T] 
βp 
βe 
 
λa 
λro 
λra 
 
αc 
αk 
αo 
 
δc 
δk 
δo 
 
ηc 
ηk 
ηo 
 
μb 
μsk 
μvk 
μl 
 
σw 
σl 
 
γc 
γl 
 
ψ$ 
ψr 
ψp 
 
In this Table, the normal dimensions of length [L], mass [M] and time [T] used in physics and 
engineering have been supplemented with dimensions of people [P], vehicles [V] and dollars [$].  
The definition of such extra dimensions is consistent with previous work in biological sciences 
(Stahl, 1961; 1962) and the broader social sciences (Haynes, 1975) and allows for the direct 
application of dimensional analysis.  Stewart (1950) writing on developments in social physics 
suggests: 
“Since people can be classified in various ways according to objective tests, there 
must be additional dimensions, just as electrical and magnetic phenomena cannot be 
dealt with in terms of mass, distance and time only.  A relation only to time is not 
enough to tag a process as physical, but perhaps we can agree tentatively that any 
measurable phenomenon which involves number of people and either distance or 
time, or both, is within the scope of social physics.” (Stewart, 1950:245). 
This more interpretative view of what constitutes a dimension was developed further by following 
Stewart (1950), Stahl (1961; 1962) and Haynes (1975) that measurable phenomena such as people  173 
[P], employment [P], passenger vehicles, motor cycles and taxis on the register [V] and other 
measured transportation and economic [$] data are legitimate dimensions.  It is further suggested 
that this accepted approach to measured phenomena and their dimensions allows for the direct 
application of dimensional analysis to the social sciences and in particular the development of 
dimensionally homogeneous equations.  Although Buckingham (1914) chose [L], [M], [T] (length, 
mass, time) as his fundamental dimensions he emphasized that there was nothing sacrosanct about 
the choice. 
4.5.4  Buckingham’s Pi (∏) Theorem 
Having defined the controlling measures and their inherent dimensions (Table 4.4) Buckingham 
(1914) showed that independent dimensionless products could be generated from these, such that 
the number of independent dimensionless products is equal to the number of controlling measures 
minus the number of basic dimensions.  In this, dimensionless products are said to be mutually 
independent if no dimensionless product of the set can be expressed as a product of powers of 
other dimensionless products in the set (de Jong and Quade, 1967).  A set of mutually independent 
dimensionless products is said to be complete if every other dimensionless product of measures 
can be expressed as a product of powers of two or more dimensionless products belonging to the 
set.  The procedure for the systematic application of this technique has been outlined by Stull 
(1988) and after its application 20 dimensionless ratios or Buckingham ∏ groups were determined, 
as shown in Table 4.5.  A description of each dimensionless ratio is also attempted in Table 4.5 in 
order to better conceptualise its role. 
Table 4.5 - Dimensionless ratios derived by Stull’s (1988) procedure 
∏ 
Group 
number 
Abbreviated form  Description 
∏1 
 
 
 
∏2 
 
 
 
 
 
 
∏3 
 
 
 
 
∏4 
 
βe / βp 
 
 
 
(αc * √λa * μb) / (βp * αk) 
 
 
 
 
 
 
(αo * αk ) / (√λa * μb) 
 
 
 
 
μl / √λa 
 
Ratio of employment to total urban population. A measure 
of the employment focus within the city and the 
employment-lead need for urban mobility. 
 
(Vehicles times the square root of urban area divided by 
vehicle kilometres of travel) times (the ratio of public 
boardings to population). Taking the square root of the 
urban area as a characteristic length of the city this 
represents the ratio between private vehicle utilisation and 
public transport utilisation. 
 
Occupancy times vehicle kilometres of travel divided by 
characteristic length times passenger boardings. An 
alternative measure of the ratio between private vehicle 
utilisation and public transport utilisation. 
 
Ratio of average public transport trip length to the 
characteristic length. A measure of public transport  174 
 
 
∏5 
 
 
 
∏6 
 
 
 
∏7 
 
 
∏8 
 
 
∏9 
 
 
∏10 
 
 
∏11 
 
 
∏12 
 
 
 
∏13 
 
 
 
∏14 
 
 
 
∏15 
 
 
 
∏16 
 
 
 
∏17 
 
 
 
∏18 
 
 
∏19 
 
 
 
∏20 
 
 
 
 
 
λro / √λa 
 
 
 
λra / √λa 
 
 
 
ψp / ψr 
 
 
δk / αk 
 
 
ηk / αk 
 
 
μsk / √λa 
 
 
μvk / √λa 
 
 
λra / λro 
 
 
 
σw / μb 
 
 
 
σl / √λa 
 
 
 
γc / μb 
 
 
 
γl / √λa 
 
 
 
(δc * √λa * μb) / (βp * αk) 
 
 
 
(δo * δk) / (√λa * μb) 
 
 
(ηc * √λa * μb) / (βp * αk) 
 
 
 
(ηo * δk) / (√λa * μb) 
 
 
 
infrastructure utilisation. 
 
Ratio of road infrastructure to the characteristic length. A 
measure of the provision of road infrastructure within the 
city. 
 
Ratio of rail infrastructure to characteristic length. A 
measure of the provision of rail infrastructure within the 
city. 
 
Ratio of infrastructure expenditure between public 
transport and roads. 
 
Ratio of use of motorcycles to private vehicles. A measure 
of modal motorised mobility within the city. 
 
Ratio of use of taxis to private vehicles. A measure of 
modal motorised mobility within the city. 
 
The spatial density of public transport passenger seat 
kilometres within the city. 
 
The spatial density of the public transport vehicle 
kilometres within the city. 
 
Ratio of rail to road infrastructure.  A measure of the 
relative provision of public transport infrastructure versus 
private transport infrastructure. 
 
Ratio of the number of walking trips and public transport 
boardings.  An indication of the relative importance of 
walking compared to public transport. 
 
Ratio of the length of walking trips and the characteristic 
length. A measure of the attractiveness and viability of 
walking within the urban area. 
 
Ratio of number of cycling trips to public transport 
boardings. A measure the relative importance of cycling to 
public transport within the urban area. 
 
Ratio of length of cycling trips to characteristic length of 
urban area. A relative measure of the viability of cycling 
within the urban area. 
 
A relative ratio measure of motor cycle ownership to 
passenger vehicle use compared to public transport 
boardings by the population in an urban area. 
 
A relative ratio measure of motor cycle use compared to 
public transport boardings in the urban area. 
 
A relative ratio measure of the utilisation of taxis with 
respect to private vehicle use and compared to public 
transport boardings by the population in an urban area. 
 
A relative ratio measure of taxi occupancy with respect to 
public transport boardings and private vehicle usage in an 
urban area. 
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Note to Table 4.5 - where √ = square root 
Having defined these dimensionless ratios, the inherent assumption of dimensional analysis is that 
there is a functional relationship between them.  Since all of the ratios are dimensionless, it is 
appropriate to undertake non-linear regressions to ascertain this relationship.  However, before 
proceeding, the other assumption of dimensional analysis is that all of the controlling measures 
have been defined.  Close inspection of the dimensionless ratios in Table 4.5 suggests that several 
measures that may be important in defining private motorised urban mobility are absent and hence 
the following dimensionless measures were defined to fill this void.  These measures were defined 
such that they are independent of those listed in Table 4.5 and allow for the inclusion of other 
factors that may be important in determining private motorised urban mobility. 
There is considerable literature detailing the relationship between a city’s urban form and 
motorised travel behaviour and patterns (Banister, 1995; Bagley and Mokhtarian, 1999; Crane, 
1999; Newman and Kenworthy, 1999; Boarnet and Crane, 2001).  This suggests that a city’s urban 
form exerts an important influence on its transportation patterns (Williams et al., 2000) and that 
some representation of a city’s urban form should be incorporated in any model of private 
motorised urban mobility.  Hence an urban form dimensionless ratio based on population density 
(Πuf ) is defined as 
  Πuf  =  βp / (50,000λa)        ( 4 . 3 )  
where the terms are defined in Table 4.4.  This ∏ group has been normalised by recognising that 
over their entire metropolitan area cities do not, on average, normally exceed 50,000 persons per 
square kilometre.  This is reflected by the fact that the highest population densities in a study of 
100 international cities were Hong Kong and Ho Chi Minh City, which had values in 1995/96 of 
32,100 and 35,600 persons per square kilometre respectively (Kenworthy and Laube, 2001).  It is 
therefore suggested that a notional maximum of 50,000 persons per square kilometre is a 
reasonable normalisation factor with which to define a dimensionless ratio representing urban 
form. 
A city’s public transport service can be seen as exerting an important influence on the level of its 
private motorised urban mobility (Giuliano, 1999; Litman, 2000).  A dimensionless ratio 
incorporating a city’s public transport kilometres of service is therefore included in the model 
development to gauge its impact on the city’s private motorised mobility.  A public transport 
vehicle kilometres of service dimensionless ratio (Πpsk) is defined as  176 
  Πpsk  =  μvk / (10,830,000λa)      (4.4) 
where the terms are defined in Table 4.4 and 10,830,000 annual average public transport vehicle 
kilometres of service per urban square kilometre represents the highest spatial density of public 
transport kilometres of service for any city in the data set, plus an allowance of 25%, thus 
representing an estimated maximum (Kenworthy and Laube, 2001) and an appropriate 
normalisation factor. 
Increasing private motorised mobility is ultimately limited by the available infrastructure, be it 
road availability or motor vehicles.  The availability or saturation of this infrastructure is clearly a 
physical limitation on the ultimate growth of private motorised urban mobility.  This suggests the 
need for a variable that expresses the availability of such infrastructure across the urban area. For 
example, Ingram and Liu (1998) suggest that vehicle road use saturates at 550 vehicles per 
kilometre of road, whereas Dargay and Gately (1999) have assumed that vehicle ownership 
saturates at 0.85 vehicles per capita.  Hence private vehicle infrastructure saturation is accounted 
for through two dimensionless measures defined as 
  Πrds  =  αc / (550λro)        ( 4 . 5 )  
  Πvehicle  =  αc / (0.85βp)        ( 4 . 6 )  
where the terms are defined in Table 4.4. 
In summary, the model of private motorised mobility is based on the synthesis of two novel 
approaches, (a) the overarching thesis that all cities behave consistently and predicably as urban 
systems, and (b) application of Buckingham’s (1914) principles of dimensional analysis to the 
controlling measures that drive private motorised urban mobility.  It is through this overall 
approach that the model’s dimensionally homogeneous equations are developed. 
4.6  Private motorised urban mobility model equations 
On the assumption that the dimensionless Π groups described here represent all of the controlling 
measures for private motorised urban mobility, the unknown functional relationship linking them 
together was explored through non-linear regression utilising the program NLREG (Sherrod, 
1995).  In this process each decade’s data set is treated as an independent representation and 
optimal relationships between the Π groups are found by assuming that the unknown function can 
be represented as  177 
  Πmob1  =  ƒ (Π1 …. Π20ΠufΠpskΠrdsΠvehicle)   (4.7) 
where the form of the function is optimised through the iterative elimination of individual Π 
groups using the statistic ‘t’ and ‘Prob (t)’.  The statistic ‘t’ is found by dividing the estimated 
value of the parameter by its standard error and is a measure of the likelihood that the actual value 
of the parameter is not zero.  The larger the absolute value of ‘t’, the less likely that the actual 
value of the parameter could be zero.  The statistic ‘Prob (t)’ is the probability of obtaining the 
estimated value of a parameter if the actual parameter value is zero.  Hence, the smaller the value 
of ‘Prob (t)’, the more significant the parameter and the less likely that the actual parameter value 
is zero (Sherrod, 1995:40). 
4.6.1  Model equations for automobiles-only for decades 1960, 1970, 1980 
and 1990 
Under this approach, the simplest optimised form of a dimensionally homogeneous equation 
linking a city’s private motorised mobility to a number of independent dimensionless ratios 
formed from the measures that drive its private motorised urban mobility is shown in Equation 4.8.  
The equation’s optimised structural form and dimensionless ratios were identical and consistent 
across the four decades of data for 1960, 1970, 1980 and 1990 (Table 4.2) with each decade 
having its own set of parameter values (p).  An initial private motorised urban mobility for 
automobiles only is defined as 
∏mob1  =  p0(Π1
^p1)(Π4
^p2)(∏uf
^p3)(∏psk
^p4)   (4.8) 
where the terms are defined in Table 4.5 and p0, p1, p2, p3 and p4 are parameters defined by non-
linear regression and shown in Table 4.6 with the proportion of the variance explained.  All data, 
private motorised mobility and ‘goodness-of-fit’ calculations for this section are shown in 
Appendices 1.1, 1.2, 1.3, 1.4, 1.7 and 1A. 
Table 4.6 – Parameters of the power function in Equation 4.8 and proportion of variance explained using four data sets 
from 1960 to 1990 
Year No.  of 
observ
ations 
p0 p1 p2 p3 p4  Proportion  of 
variance 
explained 
1960  18  0.03828  0.53558 -0.29581 -0.41646 -0.18464  87.9% 
1970  24  0.06961  0.49588 -0.21796 -0.46686 -0.08135  85.4% 
1980  37  0.10535  0.21750 -0.08116 -0.31805 -0.12062  86.2% 
1990  45  0.11059  0.41857 -0.13204 -0.26835 -0.18236  88.0% 
Table 4.7 shows the ‘t’ and ‘Prob t’ statistics for the ‘p’ parameters in Table 4.6.  178 
Table 4.7 – ‘t’ and ‘prob t’ statistics for ‘p’ parameters shown in Table 4.6 
‘p’ parameter  Year Statistic 
p0 p1 p2 p3 p4 
1960 ‘t’ 
‘prob t’ 
1.88 
0.08339 
0.93 
0.36816 
-2.33 
0.03675 
-1.83 
0.08954 
-1.98 
0.06940 
1970 ‘t’ 
‘prob t’ 
2.97 
0.00782 
1.57 
0.13335 
-3.07 
0.00635 
-3.28 
0.00393 
-1.55 
0.13863 
1980 ‘t’ 
‘prob t’ 
4.27 
0.00017 
1.23 
0.22676 
-1.17 
0.25126 
-2.94 
0.00611 
-2.38 
0.2359 
1990 ‘t’ 
‘prob t’ 
4.77 
0.00002 
2.79 
0.00810 
-1.99 
0.05299 
-2.85 
0.00693 
-3.87 
0.00039 
The structural form of Equation 4.8 was consistent through the four decades of data.  This tends to 
support the thesis’ hypothesis that despite their cultural, geographic and social differences, and 
even with the passage of time, cities do function as urban systems. 
Figure 4.1 shows the relationship between an individual city’s measured private motorised urban 
mobility that is defined by ∏mob1 and that modelled by Equation 4.8 for automobiles only using the 
1990 data set Similar results were obtained for all decades. 
Figure 4.1 – The measured private motorised mobility and that modelled using Equation 4.8 with the Kenworthy et al., 
(1999) 1990 data set 
 
Note: A 1 to 1 line is shown in red for all Figures in this chapter. 
Table 4.8 shows a statistical comparison between the measured private motorised urban mobility 
and that modelled by Equation 4.8 for the data sets 1960, 1970, 1980 and 1990.  The statistical 
values shown provide an assessment of the ‘goodness-of-fit’ between an individual city’s 
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measured and the modelled private motorised urban mobility.  For all tables of statistical 
comparisons in this chapter: 
•  mad is the mean absolute difference between measured and modelled values 
•  rmsd is the root-mean-square-difference between measured and modelled values 
•  intercept and slope of the linear regression between measured and modelled values 
•  r is the linear correlation coefficient of measured and modelled values. 
The calculations shown in all the ‘goodness-of-fit’ Tables shown in this chapter were made using a 
software program Analyse-it, 2002©® (Analyse-it Software Ltd., 2002) and Microsoft ©® Xcel’s 
statistical package and shown in Appendices 1.1, 1.2, 1.3 and 1.4. 
Table 4.8 - Statistical comparison between the measured private motorised mobility and that modelled by Equation 4.8 
Data set  Statistic 
K&L1960 K&L1970 K&L1980 K&L1990 
mad 
rmsd 
intercept 
slope 
r correlation coefficient 
A - D 
-0.0032 
0.0576 
0.0482 
0.8438 
0.9392 
0.5343 
-0.0012 
0.0686 
0.0666 
0.8390 
0.9241 
0.4082 
-0.0046 
0.0871 
0.0914 
0.8213 
0.9298 
0.4435 
-0.0055 
0.0987 
0.0867 
0.8445 
0.9392 
0.6683 
The increasing value from 1960 to 1990 of the statistic ‘t’ and corresponding decreasing value of 
‘prob t’ for the ‘p’ parameters in Table 4.7 show the refinement of Equation 4.8 towards its 
optimum form.  In Table 4.8, the smaller the value of the mean-absolute-difference (mad), the 
better the ‘goodness-of-fit’ between the measured and modelled values of mobility.  In these data 
sets there is little variation in this value suggesting little difference in the ‘goodness-of-fit’ across 
the decades, 1960 to 1990, in the use of Equation 4.8.  The closer to zero the root-mean-square-
difference (rmsd) is, the better the ‘goodness-of-fit’ between the measured and modelled mobility 
values, and again it shows little variation between decades.  The ‘r’ correlation coefficient between 
the measured and modelled values from 1960 to 1990 is statistically significant at the ≤0.05 level.  
The Anderson Darling (A - D) coefficient suggests that there is a ‘goodness-of-fit’ between the 
data sets of measured and modelled private motorised urban mobility at the 95% confidence level 
(D’Agostino, 1986). 
4.6.2  Model equation for automobiles, motorcycles and taxis for the 1990 
data set 
Kenworthy et al. (1999) extend the concept of private motorised transport modes by providing 
standardised data for motor cycles and taxis, particularly for the Asian cities shown in Table 4.3.  
In non-Asian cities private passenger cars are the predominant form of personal mobility, usually  180 
comprising upwards of 90% of an individual city’s personal mobility fleet This is in contrast to 
many Asian cities where motor cycles can account for 50 to 75% of those cities personal 
motorised vehicle fleets, whereas in the non-Asian cities motor cycles comprise about 3 to 8% 
(Hook and Replogle, 1996; Kenworthy and Laube, 1999).  Private motorised urban mobility, as 
defined in Equation 4.1, reflects the inclusion of motor cycle and taxi passenger kilometres of 
travel and is shown as Equation 4.9.  Its structural form is identical to Equation 4.8. 
∏mob  =  p0(Π1
^p1)(Π4
^p2)(∏uf
^p3)(∏psk
^p4)     (4.9) 
where the terms are defined in Table 4.4, and p0, p1, p2, p3 and p4 are parameters defined by non-
linear regression and are shown in Table 4.9 along with the proportion of the variance explained. 
Table 4.9 – Parameters of the power function in Equation 4. 9 and proportion of variance explained using data set for 1990 
Year  p0  p1  p2  p3  p4  Proportion of variance 
explained 
1990 0.12285 0.37669 -0.12764 -0.22275 -0.19021  88.1% 
Table 4.10 shows the ‘t’ and ‘Prob t’ statistics for the ‘p’ parameters in Table 4.9. 
Table 4.10 – ‘t’ and ‘prob t’ statistics for ‘p’ parameters shown in Table 4.9 
‘p’ parameter  Year Statistic 
p0 p1 p2 p3 p4 
1990 ‘t’ 
‘prob t’ 
5.14 
0.00001 
2.65 
0.01144 
-2.04 
0.04826 
-2.53 
0.01546 
-4.27 
0.00012 
Figure 4.2 shows the relationship between an individual city’s measured private motorised urban 
mobility and that modelled for cars, motorcycles and taxi modes using Equation 4.9. 
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Figure 4.2 – The measured private motorised mobility and that modelled using Equation 4.9 with the Kenworthy et al., 
(1999) 1990 data set 
 
The 1990 data set was the only one containing values for mobility by motor cycles and taxis 
(Kenworthy et al., 1999).  The statistic shown in Table 4.11 for the ‘goodness-of-fit’ between the 
measured private motorised urban mobility and that modelled by Equation 4.9, shows a marginal 
improvement of all statistic values for the 1990 data sets through a more representative measure of 
private motorised urban mobility, although the number of cities in which these more 
comprehensive data are available is limited. 
Table 4.11 - Statistical comparison between the measured private motorised mobility and that modelled by Equation 4.9 
Data set  Statistic 
K&L1960 K&L1970 K&L1980 K&L1990 
mad 
rmsd 
intercept 
slope 
r correlation coefficient 
A - D 
No data  No data  No data  -0.0037 
0.0945 
0.0812 
0.8546 
0.9390 
0.6395 
 
4.6.3  Model equation for decades 1960 to 1990: a combined data set 
One of the significant features of this analysis is that despite an increase in the number of cities 
over the four decades and a significant change in the appearance of many of these cities, the 
functional form of the private motorised urban mobility equation has remained constant.  This 
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implies that the systematic behaviour of a city is invariant with respect to time.  Once a city 
achieves sufficient size to illustrate urban behaviour, and all cities in these data sets are well-
established urban areas, the systematic behaviour of the city dominates the determination of 
private motorised urban mobility and it is not a function of time.  This suggests that the four 
decadal data sets could be amalgamated into one data set to provide a more robust basis for the 
parameters within the mobility model.  Since the data for each city and each time-period were 
collected independently and represent snapshots of urban behaviour at particular times, this should 
not introduce serial correlation between the data sets. 
The optimised form of the dimensionally homogeneous equation using the combined data sets is 
shown as Equation 4.10 for automobiles only, ∏mob1, and Equation 4.10a for automobiles, 
motorcycles and taxi modes, ∏mob, and where the Π groups are defined in Table 4.5.  The 
equation’s parameters p0, p1, p2, p3 and p4 are defined by non-linear regression and shown in 
Table 4.12 with the proportion of the variance explained. 
∏mob1  =  p0(Π1
^p1)(Π4
^p2)(∏uf
^p3)(∏psk
^p4)   (4.10) 
∏mob  =  p0(Π1
^p1)(Π4
^p2)(∏uf
^p3)(∏psk
^p4)     (4.10a) 
Table 4.12 – Parameters of power function in Equation 4.10 and 4.10a and proportion of variance explained using the 
combined 1960 to 1990 data set 
Eqtn  p0  p1  p2  p3  p4  Proportion of variance explained 
4.10 0.10266 0.67080 -0.15782 -0.43988 -0.08615  81.8% 
4.10a 0.10816  0.66379  -0.15425  -0.42131 -0.08913  81.0% 
Table 4.13 shows the ‘t’ and ‘Prob t’ statistics for the ‘p’ parameters in Table 4.12 and Table 4.14 
shows the ‘goodness-of-fit’ between the measured private motorised mobility and that modelled 
by Equation 4.10 and Equation 4.10a. 
Table 4.13 – ‘t’ and ‘prob t’ statistics for ‘p’ parameters shown in Table 4.12 
‘p’ parameter  Eqtn Statistic 
p0 p1 p2 p3 p4 
4.10 
 
 
4.10a 
‘t’ 
‘prob t’ 
 
‘t’ 
‘prob t’ 
6.37 
0.00001 
 
6.45 
0.00001 
6.64 
0.00001 
 
6.57 
0.00001 
-3.6 
0.00042 
 
-3.54 
0.00056 
-6.52 
0.00001 
 
-6.27 
0.00001 
-2.79 
0.00606 
 
-2.89 
0.00463 
Table 4.14 – Statistical comparison between measured and modelled private motorised mobility using Equation 4.10 and 
4.10a 
Statistic  Equation 4.10  Equation 4.10a 
mad 
rmsd 
intercept 
slope 
r correlation coefficient 
A - D 
-0.0048 
0.1008 
0.0948 
0.8023 
0.9162 
1.5594 
-0.0041 
0.1008 
0.0950 
0.8020 
0.9135 
1.5898  183 
The statistics in Table 4.14 for the ‘goodness-of-fit’ between the measured private motorised urban 
mobility and those modelled by Equation 4.10 and Equation 4.10a, show a marginal weakening of 
the statistic through using the combined data sets when compared with the statistics of previous 
iterations of the sketch-plan model’s development.  The ‘r’ correlation coefficient between the 
measured and modelled values of private motorised mobility was not compromised and still is 
statistically significant at the ≤0.05 level.  As well there is an improvement in the ‘t’ and ‘prob t’ 
statistic values over those in Table 4.10 for ‘p’ parameters p1, p2, p3 and p4.  The overall 
assessment suggests that Equation 4.10a has an improved capacity to predict private motorised 
mobility than Equation 4.9. 
4.7  Model equation incorporating a vehicle saturation function 
The literature review refers to the growing saturation of automobiles and associated infrastructure 
and particularly notes the work of Spencer and Madhavan (1989); Lave (1992); Ingram and Liu 
(1997 and 1998); Dargay and Gately (1999) and Schipper et al. (2001).  In developed countries the 
saturation levels for passenger vehicles per 1,000 persons, suggested by Ingram and Liu (1997) 
and Dargay and Gately (1999) may be conservative after comparing their data with actual national 
ownership levels shown in Figure 2.1 and Figure 2.2.  As already noted (see Chapter 2) saturation 
is clearly a physical limitation on the ultimate growth of private passenger vehicle ownership and 
use.  Consequently, there is a need to incorporate such a measure in any equation modelling 
private motorised urban mobility. 
Using an identical procedure to that used to derive Equations 4.8 to 4.10, the optimised form of a 
dimensionally homogeneous equation modelling a city’s private motorised urban mobility to a 
number of independent dimensionless ratios formed from the measures that drive its private 
motorised urban mobility, and including a private vehicle infrastructure saturation function for the 
cars +motorcycles + taxis mode, is defined as 
  ∏mob  =  p0 (Πuf
p1) {1 / [1 + exp (-p2Πvehicle)]}
p3    ( 4 . 1 1 )  
The equation’s parameters p0, p1, p2 and p3 are defined by non-linear regression and shown in 
Table 4.15 with the proportion of the variance explained.  All data, mobility and ‘goodness-of-fit’ 
calculations for this section are shown in Appendices 1.1, 1.2, 1.3, 1.4, 1.7 and 1A. 
The private vehicle infrastructure saturation function, S, is defined as 
    S = {1 / [1 + exp(-p2(αc/(0.85βp)))]}
p3     ( 4 . 1 2 )   184 
Table 4.15 – The ‘p’ parameters and proportion of variance explained for Equation 4.11 using individual decade data sets 
for automobiles only 
Decade p0 p1  p2  p3  Variance 
explained 
1960-61 
1970-71 
1980-81 
1990-91 
0.2587 
0.2416 
0.3086 
0.3762 
-0.1995 
-0.2973 
-0.2711 
-0.2786 
5.7606 
5.0412 
4.3618 
3.3372 
2.7826 
3.1654 
3.6081 
3.2392 
83.6% 
85.5% 
90.7% 
87.4% 
Table 4.16 shows the ‘t’ and ‘Prob t’ statistics for the ‘p’ parameters in Table 4.15. 
Table 4.16 – ‘t’ and ‘prob t’ statistics for ‘p’ parameters shown in Table 4.15 
‘p’ parameter  Year Statistic 
p0 p1 p2 p3 
1960 ‘t’ 
‘prob t’ 
1.49 
0.15805 
-1.06 
0.30912 
2.75 
0.01579 
2.74 
0.01584 
1970 ‘t’ 
‘prob t’ 
2.69 
0.01413 
-3.25 
0.00401 
2.14 
0.04453 
2.06 
0.05223 
1980 ‘t’ 
‘prob t’ 
3.73 
0.00071 
-4.15 
0.00022 
4.47 
0.00009 
3.07 
0.00443 
1990 ‘t’ 
‘prob t’ 
3.15 
0.00304 
-3.85 
0.00040 
3.76 
0.00053 
4.05 
0.00022 
Again, the significant feature of this analysis is that despite an increase in the number of cities over 
the four decades and a significant change in the appearance of many of these cities, the functional 
form of the private motorised urban mobility equation has remained constant.  This implies that 
the systematic behaviour of a city is invariant with respect to time.  Once a region achieves 
sufficient size to illustrate urban behaviour, and all of the cities in this data set are well established 
urban areas, the systematic behaviour of the city dominates the determination of private motorised 
mobility and it is not a function of time. 
The combined 1960 to 1990 data set is used to define the ‘p’ parameters of Equation 4.11, which 
are shown in Table 4.17 and Table 4.18 shows the ‘t’ and ‘Prob t’ statistics for the ‘p’ parameters 
in Table 4.17. 
Table 4.17 – The ‘p’ parameters and proportion of variance explained using Equation 4.11 for the combined 1960 to 1990 
data set with cars only and cars + motor cycles + taxis 
Combined data set 
1960 to 1990 
p0 p1 p2 p3  Proportion  of 
variance 
explained 
Cars only Eqtn 4.11 
Πmob1 
 
0.3898 
 
-0.2567 
 
3.2720 
 
3.2102 
 
88.3% 
Car+mcs+txs Eqtn 4.11 
Πmob 
 
0.4067 
 
-0.2521 
 
3.0744 
 
3.0619 
 
87.4% 
Table 4.18 – ‘t’ and ‘prob t’ statistics for ‘p’ parameters shown in Table 4.17 
‘p’ parameter  Combined years 
1960 to 1990 
Statistic 
p0 p1 p2 p3 
Cars only Eqtn 4.11 
Πmob1 
‘t’ 
‘prob t’ 
5.80 
0.00001 
-6.75 
0.00001 
6.98 
0.00001 
9.99 
0.00001 
Car+mcs+txs Eqtn 4.11 
Πmob 
‘t’ 
‘prob t’ 
5.56 
0.00001 
-6.51 
0.00001 
6.44 
0.00001 
10.29 
0.00001  185 
Figure 4.3 shows the relationship between measured private motorised urban mobility and that 
modelled for automobiles, motorcycles and taxis using Equation 4.11 for the Kenworthy et al. 
(1999) combined data set for 1960 to 1990. 
Figure 4.3 – The measured private motorised mobility and that modelled using Equation 4.11 with the Kenworthy et al., 
(1999) combined 1960 to 1990 data set  
 
The combined 1960 to 1990 data set statistics shown in Table 4.19 for the ‘goodness-of-fit’ 
between the measured private motorised urban mobility and that modelled by Equation 4.11 
overall shows a strengthened series of statistics compared with previous iterations of the model 
equations (see Table 4.14).  It is suggested that the capacity of Equation 4.11 to model private 
motorised urban mobility is a significant improvement over that of Equation 4.10 and Equation 
4.10a.  Also Equation 4.11 is able to predict greater than 87% of the variance while Equation 4.10a 
is at 81%.  This together with much higher values for the ‘t’ statistic and lower values for the 
corresponding ‘prob t’ statistic for each of the respective equation’s ‘p’ parametres also supports 
its improved predictive capacity.  As well, the ‘r’ correlation coefficient between the measured and 
modelled private motorised mobility is marginal strengthened and significant at the ≤0.05 level. 
Table 4.19 – Statistical comparison between measured and modelled private motorised mobility using Equation 4.11 for the 
combined 1960 to 1990 data set 
Cars only  Cars+motorcycles+taxis  Statistic 
Eqtn 4.11 Πmob1 Eqtn  4.11  Πmob 
mad 
rmsd 
intercept 
slope 
r correlation coefficient 
-0.0002 
0.0856 
0.0542 
0.8813 
0.9396 
0.0003 
0.0877 
0.0566 
0.8760 
0.9346 
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A - D  0.9228  0.8724 
In summary, from the thesis that urban areas behave in a systematic way and by application of 
dimensional analysis to the measures that drive a city’s private motorised urban mobility, a 
dimensionally homogeneous model equation has been established that can model the private 
motorised mobility of a metropolitan area robustly over time.  Equation 4.11 is the preferred 
private motorised urban mobility model.  It remains now to validate this equation using a totally 
independent data set. 
4.8  Validation of Equation 4.11 using an independent data set 
An independent data set to validate the sketch-plan model equation is drawn from the Millennium 
Cities Database for Sustainable Transport Project (Kenworthy and Laube, 2001) which is based 
on 1995/96 urban data and incorporates a large number of cities not used in the previous analysis.  
All 83 cities in this data set are listed in Table 4.20 by geographical location, with the cities that 
are in common with Kenworthy et al. (1999) data set shown in italics. 
Table 4.20 – Independent 1995 urban data set cities by geographical location 
Region City 
United States of America 
10 cities 
Atlanta, Chicago, Denver, Houston, Los Angeles, New York, Phoenix, San 
Diego, San Francisco, Washington 
Australia & New Zealand 
5 cities 
Brisbane, Melbourne, Perth, Sydney, Wellington 
 
Canada - 5 cities  Calgary, Montreal, Ottawa, Toronto, Vancouver 
Europe - 31 cities  Amsterdam, Athens, Barcelona, Berlin, Berne, Bologna, Brussels, Copenhagen, 
Dusseldorf, Frankfurt, Geneva, Glasgow, Graz, Hamburg, Helsinki, London, 
Lyon, Madrid, Munich, Manchester, Marseille, Milan, Nantes, Newcastle, 
Oslo, Paris, Rome, Stockholm, Stuttgart, Vienna, Zurich 
Asia developed - 6 cities  Hong Kong, Osaka, Singapore, Sapporo, Taipei, Tokyo 
Asia developing - 8 cities  Bangkok, Chennai, Ho Chi Minh City, Jakarta, Kuala Lumpur, Manila, 
Mumbai, Seoul 
South America - 3 cities  Bogota, Curitiba, Sao Paulo, 
Africa - 6 cities  Cairo, Cape Town, Dakar, Harare, Johannesburg, Tunis, 
China - 3 cities  Beijing, Guangzhou, Shanghai 
Eastern Europe - 3 cities  Budapest, Cracow, Prague 
Middle East – 3 cities  Riyadh, Tehran, Tel Aviv 
Source: Kenworthy and Laube (2001). 
It is important to recognise the independence of the 1995 data set from those of Kenworthy et al. 
(1999).  It contains the measures shown in Table 4.1, for an additional 47 cities that were not used 
in the derivation of any of the dimensionally homogeneous equations and therefore it can be 
legitimately used to independently validate the model.  187 
4.8.1  Modelling private motorised urban mobility from an independent data 
set 
The model Equation 4.11 was used to model the private motorised urban mobility of 83 cities in 
the independent UITP1995 data set and the results are shown in Figure 4.4 for automobiles, motor 
cycles and taxis.  All data, mobility and ‘goodness-of-fit’ calculations for this section are shown in 
Appendices 1.5, 1.6, and 1.9. 
Figure 4.4 – The measured private motorised mobility and that modelled using Equation 4.11 for automobiles+motor 
cycles+taxis for cities in the independent Kenworthy and Laube (2001) 1995 data set 
 
The statistics shown in Table 4.21 compare the measured and modelled private motorised urban 
mobility of the independent 1995 data set for cars only and for cars, motorcycles and taxis. 
Table 4.21– Statistical comparison between measured and modelled private motorised mobility using Equation 4.11 
Cars only  Cars+motorcycles+taxis  Statistic 
Πmob1 
 
Πmob 
 
mad 
rmsd 
intercept 
slope 
r correlation coefficient 
A - D 
0.0003 
0.1269 
0.1132 
0.6909 
0.9133 
0.8318 
0.0138 
0.1291 
0.1058 
0.6890 
0.9030 
0.8288 
Overall, these are reasonably similar to the statistics derived against the initial data sets shown in 
Tables 4.14 and 4.19 and provide confidence in the model’s ability to model private motorised 
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mobility based on measures of urban structure and vehicle saturation.  Despite a completely 
different set of cities and a different time-period, the model is able to explain the bulk of the 
variance in private motorised mobility in the independent data set of 83 cities. 
Although the statistics show little difference, the effect of incorporating motor cycles and taxis 
was very significant for what were the outlier cities when only automobile data were included.  
For example, the measured private motorised mobility changed from 0.007 for automobiles only to 
0.057 for all three modes for Chennai and from 0.004 to 0.074 for Ho Chi Minh City.  In such 
urban areas, motor cycles and taxis provide an important alternative form of private motorised 
mobility that nevertheless is still determined in aggregate by the city’s structure.  The independent 
data set shows Ho Chi Minh City as having 7.9 automobiles per 1,000 persons whereas it has 
290.9 motor cycles per 1,000 persons and 0.42 taxis per 1,000 persons.  The inclusion of motor 
cycles and taxis has minimal effect in western cities where the automobile dominates private 
mobility.  Nevertheless, its incorporation for these developing cities brings their overall private 
motorised mobility into line with that of developed cities.  It appears from this sketch-plan model 
that despite many possible influences on private motorised urban mobility the structure of the city 
primarily determines aggregate private motorised mobility. 
4.9  Discussion of model equation’s predictions 
4.9.1  Over and under predicting cities 
As noted, transport models are practical instruments that give decision-makers a flexible analytical 
tool to help them better understand their city’s transportation environment.  While not providing 
foolproof information, Equation 4.11, models any city’s private motorised urban mobility with a 
reasonably high degree of reliability, which remains robust over time.  Notwithstanding this 
general conclusion, Table 4.22 shows some significant variations between the measured and 
modelled values of private motorised mobility for particular cities.  The cities shown in Table 4.22 
use the preferred car, motorcycles and taxi mode version of the model equation. 
Table 4.22 – Variation for selected cities between measured and modelled values of private motorised mobility in the 1995 
data set using Equation 4.11 
Over-predicting Under-predicting 
City Measured  Modelled  City  Measured  Modelled 
Budapest 
Cracow 
Manchester 
Prague 
Rome 
Toronto 
0.176 
0.073 
0.198 
0.245 
0.404 
0.375 
0.295 
0.250 
0.355 
0.416 
0.538 
0.510 
Atlanta 
Chicago 
Denver 
Houston 
Los Angeles 
New York 
Riyadh 
1.359 
0.869 
0.978 
1.391 
0.955 
0.695 
0.454 
1.001 
0.665 
0.728 
0.885 
0.572 
0.537 
0.241  189 
San Diego 
San Francisco 
Singapore 
Taipei 
Washington 
1.029 
0.949 
0.258 
0.258 
0.954 
0.674 
0.689 
0.132 
0.134 
0.692 
In the over-predicting cities their urban form dimensionless ratios appear to suggest that there 
should be more private passenger vehicle use than is actually experienced in these particular cities.  
The data show that these cities tend to have moderate urban population densities mostly around 
5,000 to 6,000 persons per square kilometre, (apart from Toronto at 2,500), but widely varying 
levels of public transport service and use, in particular very big differences in rail infrastructure 
provision.  It is not possible to offer any consistent explanations for these results.  It can however 
be said that for their densities Budapest, Cracow, Prague and Toronto have a typically high use of 
public transport and generally good transit systems.  Toronto has one of North America’s highest 
use of public transport while, Budapest, Cracow and Prague have virtually the world’s highest use 
of public transport at relatively modest densities.  This is a function of their former Eastern Bloc 
status.  All this would tend to suppress automobile use in these cities relative to what the model 
predicts.  It may also suggest that there is not a full specification available of measures that drive 
private motorised mobility. 
Table 4.23 – Over-predicting cities in the 1995 data set 
City  car VKT/capita  Public transport 
boardings/capita 
rail 
m/capita 
ptvk/capita ptsk/capita 
Budapest 
Cracow 
Manchester 
Prague 
Rome 
Toronto 
2,213 
885 
2,579 
3,103 
5,201 
5,492 
815 
412 
107 
906 
437 
158 
0.296 
2.450 
0.100 
0.550 
0.265 
0.126 
112 
79 
61 
123 
100 
51 
4,952 
2,434 
3,397 
5,923 
5,214 
2,803 
The under-predicting cities with the exception of Riyadh, Singapore and Taipei generally have 
densities less than 2,000 persons per sqkm.  All of these cities, except Singapore, have rather poor 
public transport service and use, which might be expected to generally increase their automobile 
use relative to that modelled.  Even Taipei with a very high density has less transit use than would 
be expected based on its urban form. 
Table 4.24 – Under-predicting cities in the 1995 data set 
City  car VKT/capita  Public transport 
boardings/capita 
rail 
m/capita 
ptvk/capita ptsk/capita 
Atlanta 
Chicago 
Denver 
Houston 
Los Angeles 
New York 
Riyadh 
San Diego 
San Francisco 
20,197 
10,061 
11,465 
17,110 
12,388 
8,107 
4,819 
13,339 
12,771 
50 
72 
32 
20 
49 
131 
10 
27 
94 
0.022 
0.120 
0.005 
0.000 
0.041 
0.173 
0.000 
0.048 
0.101 
28 
38 
24 
19 
22 
60 
17 
20 
49 
1,474 
2,066 
1,025 
803 
912 
2,944 
472 
923 
2,600  190 
Singapore 
Taipei 
Washington 
2,150 
1,813 
11,680 
482 
263 
100 
0.022 
0.009 
0.119 
110 
80 
41 
6,593 
2,293 
2,368 
Notes to Table 4.23 and 4.24 – annual average values: ptvk is public transport vehicle kilometres of service per capita, 
ptsk is public transport passenger seat kilometres per capita, public transport values are for bus, train (all modes), tram 
and ferries, carVKT/capita is automobile kilometres of travel per capita; rail m/capita is the number of rail metres per 
capita in the city’s urban area. 
Source: Kenworthy and Laube (2001). 
Overall, it is difficult to say with complete consistency why some cities over-predict and some 
under-predict the way they do, though some plausible explanations have been offered in most 
cases. 
4.9.2  Influence of cars, motorcycles and taxis in cities 
In most Asian cities the strong influence of motorcycles on the composition of the private 
passenger vehicle fleet is noted, especially in comparison to their influence in most western 
developed cities (Hook and Replogle, 1996; Kenworthy and Laube, 1999).  Table 4.25 shows the 
measured and modelled private motorised mobility in the cars only and cars + motorcycles + taxis 
mode for the Asian cities in the independent 1995 data set using Equation 4.11. 
Table 4.25  – Measured versus modelled private motorised mobility in the automobiles only and automobiles, motorcycles 
and taxis for Asian cities using Equation 4.11 
Automobiles only  Automobiles, motorcycles and 
taxis 
City 
Measured Modelled  Measured  Modelled 
Bangkok 
Hong Kong 
Jakarta 
Kuala Lumpur 
Manila 
Seoul 
Singapore 
Chennai 
Ho Chi Minh City 
Mumbai 
Taipei 
0.164 
0.051 
0.057 
0.238 
0.130 
0.201 
0.196 
0.007 
0.004 
0.012 
0.168 
0.191 
0.062 
0.092 
0.207 
0.085 
0.054 
0.123 
0.068 
0.048 
0.053 
0.127 
0.282 
0.074 
0.094 
0.329 
0.142 
0.227 
0.258 
0.057 
0.074 
0.034 
0.258 
0.198 
0.070 
0.101 
0.215 
0.093 
0.177 
0.132 
0.077 
0.055 
0.060 
0.134 
In Asian cities the measured value of their private motorised mobility is increased using the more 
representative measure of private motorised urban mobility involving automobiles, motorcycles 
and taxis.  In such areas, motorcycles and taxis play an essential role in private motorised mobility 
as a viable and economical alternative to the private passenger vehicle and therefore cannot be 
overlooked in the modelling of private motorised urban mobility (Hook and Replogle, 1996; CSE, 
2002). 
In western or developed cities, motorcycles and taxis have minimal influence on private motorised 
mobility as passenger automobiles form the dominant portion of the city’s vehicle fleet Table 4.26  191 
shows the measured and modelled private motorised urban mobility using automobiles only and 
automobiles, motorcycles and taxis for several selected developed cities. 
Table 4.26 – Selected developed cities measured versus modelled private motorised urban mobility in the automobiles only 
and automobiles, motorcycles and taxis using Equation 4.11 
Automobiles only  Automobiles, motorcycles and taxis  City 
Measured Modelled  Measured  Modelled 
Amsterdam 
Berne 
Calgary 
Hamburg 
Helsinki 
Houston 
Los Angeles 
Melbourne 
San Francisco 
Osaka 
Wellington 
0.296 
0.435 
0.614 
0.447 
0.304 
1.388 
0.950 
0.653 
0.945 
0.212 
0.464 
0.301 
0.389 
0.716 
0.420 
0.346 
0.886 
0.571 
0.719 
0.689 
0.220 
0.573 
0.305 
0.445 
0.620 
0.458 
0.316 
1.391 
0.955 
0.661 
0.949 
0.224 
0.477 
0.306 
0.393 
0.718 
0.422 
0.351 
0.885 
0.572 
0.718 
0.689 
0.227 
0.573 
The effects on measured private motorised urban mobility of including motor cycles and taxis are 
minimal in each city. 
4.10  Chapter summary and conclusion 
Applying dimensional analysis to a wide-ranging set of proposed drivers of urban mobility, has 
shown that private motorised mobility, be it in the form of private motor vehicles and/or motor 
cycles and taxis, is largely determined by the structure of the city itself.  The twenty or more key 
transport factors tested in the modelling procedure as being potential drivers of private motorised 
mobility were iteratively eliminated in defining a model equation that relies only on urban form 
and a traffic saturation factor.  The sketch-plan model equation for any city’s private motorised 
urban mobility is 
  ∏mob  =  p0 (Πuf
p1) {1 / [1 + exp (-p2Πvehicle)]}
p3 
This equation, despite its simplicity and the host of factors it does not incorporate, explains 
consistently between 84% and 91% of the variance in private motorised urban mobility.   
Furthermore, its functional form is consistent over four decades and across virtually all geographic 
and cultural regions.  Thus, although private motorised mobility arises from local decisions of 
individual people within an urban area, aggregate urban system behaviour would appear to be 
determined by the physical characteristics of the city.  In essence, the urbanised land area and 
population of an urban area determine to a large extent the private motorised mobility of the city 
and in turn the aggregate vehicle kilometres of travel.  This has a number of potential implications. 
For example, as vehicle kilometres of travel is an important surrogate for urban emissions, this  192 
means that bulk urban emissions from the transportation sector can be readily estimated for any 
urban area.  The structure of a city not only determines its current environmental quality, but 
clearly points to its future.  Although this analysis has concentrated on private motorised mobility, 
it highlights the potential of dimensional analysis in developing a better understanding of the 
relationship between total mobility (private, public and non-motorised mobility) and urbanisation.  
This will potentially provide a clearer framework for modelling the future development and policy 
choices facing any city and is pursued in Chapter 6. 
The private motorised urban mobility model strongly relates to the demands and requirements of a 
forecasting model outlined in a report prepared for the United States Environmental Protection 
Agency by Cambridge Systematics, Inc. entitled ‘Simplified Travel Demand Forecasting for 
Developing Countries’.  The report states: 
“The objective of this work assignment has been to develop a set of technical 
recommendations on how to tailor a simplified, quantitative travel demand 
forecasting method for use in cities in developing countries.  The results are intended 
to assist with the assessment of future transportation demand and mobile-source 
emissions in developing countries, in which the technical capabilities and data 
available for modelling may vary considerably.” (Cambridge Systematics, 2003:1-1). 
And this same report concludes that: 
“A travel demand sketch-planning tool applicable to developing countries would fill 
an extremely important niche, enabling planners and policy analysts to assess the 
potential mobility and air quality impacts of transportation investments as well as 
plan for future mobility needs.  While it appears possible that such a model can be 
developed and distributed, the success of the effort nevertheless cannot be 
guaranteed.  It could turn out that available data are insufficient to support the 
development of a model capable of testing policy variables of broad interest, or that 
even if a model were developed that it would not be widely adopted.” (Cambridge 
Systematics, 2003:7-17). 
It would appear that the sketch-plan model is a major contribution to fulfilling the objectives for an 
urgently needed forecasting model.  Certainly, in terms of estimating total private motorised urban 
mobility, the model can provide a reasonably reliable figure based on a minimum amount of input 
data, which could generally be assembled in most urban areas. 
 
 193 
CHAPTER FIVE 
 
A SKETCH-PLAN MODEL OF PUBLIC TRANSPORT AND NON-
MOTORISED MOBILITY 
 
5.1 Introduction 
Every city suffers to some extent from transportation problems, but the overall severity varies 
considerably, even between and within each individual city.  The world’s urban areas are 
struggling to accommodate an ever-increasing population and increasingly in both the developed 
and developing world, population is being housed in sprawling urban forms.  The combination of 
increasing urban sprawl and rising personal affluence tends to undermine the ability of public 
transport systems to support and provide the services on which urban dwellers rely for either a 
portion or the bulk of their daily mobility needs (Pucher and Lefèvre, 1996; Banister, 1997; 
Ingram and Liu, 1998; World Bank, 2000; WBCSD, 2001).  Notwithstanding such trends, an 
analysis of recent transportation trends in European, Australian and even American metropolises 
shows the crucial role played by public transport systems, especially in their inner and central 
areas with their higher population density and concentration of essential employment and social 
services.  The results from these studies show that public transport mobility in many cities may 
account for up to about one-third of all passenger transport market share and in the city’s central 
area it may be more than half the market share (Steiner, 1994; Hensher, 1998; Velhelmson, 1999; 
EMTA, 2000).  Indeed, in developed and developing urban environments alike, both public 
transport and non-motorised mobility are essential ingredients of daily urban travel and make an 
important contribution to the total urban passenger transport task.  On a broader level, the 
European Commission (1997), Barter (1998), Allport (2000) and Polk (2001) suggest that public 
transport systems offer social cohesion, where people without automobiles, in particular low-
income groups, the young and the elderly, can maintain daily access to economic and social 
activities. 
It is essential that urban transportation decision-makers at all levels, who are required to formulate 
and develop strategic transport management programs, can model urban transport systems to show 
how they respond to the influence of different strategic measures (Bannister, 2002).  Equally, it is 194 
important that such models be as simple and accessible as possible.  The private motorised urban 
mobility model, described in Chapter 4, and the public transport and non-motorised mobility 
model equations that will be developed in this chapter provide these decision-makers with a series 
of user-friendly sketch- plan urban mobility models.  In particular, these models are along the lines 
required by Cambridge Systematics (2003:1-3) in their quest for tools that enable a picture of a 
city’s mobility patterns to be developed in the absence of adequate data on these matters. 
The fundamental underlying measures that drive public transport and non-motorised mobility 
established in Chapter 3 will thus be used in this chapter as the basis for the development of a 
sketch-plan model that describes both public transport and non-motorised mobility in an urban 
environment.  Firstly, using the principles and techniques of dimensional analysis, as described in 
Chapter 4, this chapter develops a dimensionally homogeneous public transport mobility model 
equation for application at a city level from a series of standardised urban data on metropolitan 
areas from 1960 to 1990 (as in the private motorised mobility equation).  The literature review in 
Chapter 3 revealed that the level of public transport mobility in a city, by its very nature, is 
principally driven by a number of underlying measures that reflect the extent and quality of 
transport infrastructure in a city.  In particular, the parameters of concern are the total length of an 
urban road network and the resulting road metres per capita; the speed at which various 
transportation modes operate; the quality of the service and infrastructure as measured by 
passenger comfort and security; a competitive fare structure; and maintenance of the timetable. 
This chapter then proceeds to validate and statistically assess the equation’s predictive capacity 
against an independent data set for 1995 that contains land-use and transportation information 
from a broad range of 83 cities on all continents (Kenworthy and Laube, 2001).  Finally, this 
chapter proposes the development of a sketch-plan model for a city’s non-motorised mobility, 
(walking and bicycling), and concludes with a discussion of the public transport and non-
motorised  mobility models in a broader context of daily personal mobility in an urban 
environment. 
5.2  A public transport mobility model 
5.2.1  The measures that drive public transport mobility 
Chapter 3 has identified a complex matrix of physical and human, social and management 
measures that underpin and drive public transport mobility at the urban or city level.  This review 
concluded that any individual measure does not act alone, but operates in combination with an 195 
unknown number of other measures to determine the level of public transport mobility in a city.  
The fundamental measures utilised to explore the development of the public transport mobility 
model equation are shown in Table 5.1.  This table shows the linkage, where necessary, between 
the measure’s terminology as used in the literature and as defined by Kenworthy et al. (1999).  
These measures were used to develop a public transport mobility model on the basis that the data 
were generally readily available or were routinely ascertained in most urban areas. 
The human, social and management measures identified in Chapter 3 and shown in Table 5.2 were 
not incorporated in the development of the public transport model equation.  Because the aim of 
the thesis is to develop models that operate at the scale of whole metropolitan regions, it has not 
been possible to identify a quantified standardised time-series urban data set, for those measures 
that are applicable at this scale. 
Table 5.1 - The physical measures that drive public transport and non-motorised mobility and clarification of their 
terminology 
Fundamental driver 
Literature terminology 
Controlling measures 
Kenworthy et al. (1999) terminology 
1. Transportation 
Automobile ownership and use. 
Automobile passenger kilometres per capita. 
 
 
2. Income 
Gross Domestic Product per capita. 
 
Household income. 
3. Demographics 
Total metropolitan population density. 
 
Total metropolitan employment density. 
4. Urban environment 
Total urbanised area of the metropolitan area. 
Residential location and housing density. 
Automobile parking associated with housing. 
5. Urban infrastructure 
Total length of metropolitan road network. 
Number of car parking bays per 1,000 CBD workers. 
Average road network speed. 
Overall public transport average speed. 
Automobile restraint measures. 
 
Number of passenger vehicles on register. 
Total annual VKT by passenger vehicles 
multiplied by average passenger vehicle 
occupancy. 
 
Gross domestic product per capita of the 
metropolitan area 
Not surveyed. 
 
 
Total metropolitan population per total 
urbanised area. 
Total number of jobs per total urbanised 
area. 
 
Same term. 
Not surveyed. 
Not surveyed. 
 
 
Same term. 
Same term. 
Same term. 
Same term. 
Not explicitly surveyed. 
 
Table 5.2 - The human, social and management measures that drive public transport and non-motorised mobility 
Fundamental driver - Literature terminology 
1. Preference and perception associated with culture and ethnic 
background. 
Personal life-style habits and attitudes to non-automobile mobility. 
Community attitudes and cultural differences at a regional and city 
level towards personal non-automobile mobility. 
Personal security and safety during public transport service use and 
walking and bicycling. 196 
 
 
2. Governance, strategy, policy, planning and management. 
To what extent National, State and Local governments deliver access 
to non-automobile mobility systems and networks. 
Economic management and fiscal instruments, such as taxes and 
charges. 
 
3. Quality of non-automobile service. 
Public transport service management and operation. 
Public transport vehicles. 
Public transport infrastructure, stops, stations. 
Information to passengers and community, and marketing. 
Integration of service networks and timetables, common ticketing 
and fare structure. 
Availability, efficiency and capacity of service. 
Walking and bicycling infrastructure, safety in usage. 
 
 
5.3  A public transport mobility indicator 
In Chapter 4 the key drivers of urban transport are defined as a series of non-dimensional ratios.  
In reviewing these ratios, it is observed that a combination of two of these essentially defines a 
public transport mobility and, given the success of the private motorised mobility model, it would 
be appropriate to undertake the same analysis using these two variables.  Such an analysis assumes 
that all the drivers are incorporated within the data set.  One thing that stands out from this 
research is that, although it was possible to derive a simple measure of private motorised mobility 
that is defined by the city and does not appear to be dependent on the infrastructure provided 
within a city other than the normal facilities that make a city a city, public transport mobility is 
very dependent on the type and quality of the infrastructure provided.  Thus dimensional analysis 
can only be expected to work if there is an appropriate measure(s) of such factors.  Without such a 
measure(s) all that can be expected is that dimensional analysis may point to some ability to 
explain the variance in the data but it cannot be expected to work fully without these key 
measures. 
A non-dimensional public transport mobility indicator, ∏pub, based on the controlling measures 
shown in Table 5.1 and the dimensionless ratios shown in Table 4.5 is defined as the product of ∏2 
and ∏4 
∏pub  =  ∏2 * ∏4       ( 5 . 1 )  
∏pub  =  [(αc * √λa * μb) / (βp * αk)] * (μl / √λa)       (5.2) 
∏pub  =  (αc * μb * μl) / (βp * αk)        ( 5 . 3 )  197 
where the terms are defined in Table 4.4. 
5.4  Data sets used in development of the model equation 
The primary data sets of the measures used to develop a public transport mobility sketch-plan 
model are formed from the four decades 1960, 1970, 1980 and 1990 as shown in Table 5.3 and the 
individual cities included in each geographical region are shown in Table 4.3. 
Table 5.3 – Geographical distribution of cities in the 1960, 1970, 1980 and 1990 data 
Region  Year Number  of 
cities  USA Canada Australia Western 
Europe 
Asia 
developed 
Asia 
developing 
1960 6  2 1  2  1  0  0 
1970 9  4 1  1  2  1  0 
1980 30  10 2  6  9  3  0 
1990 45  13 7  6  11  3  5 
Source: Kenworthy et al. (1999). 
It should be noted that data for all the controlling measures shown in Table 5.1 were not available 
for every city in each year.  Further, it is noted that for several of the controlling measures there 
were no data at all in the four-decade data sets, 1960, 1970, 1980 and 1990 (Kenworthy et al., 
1999).  The maximum amount of available data and maximum number of cities were thus used at 
each stage of the public transport mobility model’s development.  The data sets for 1960, 1970, 
1980 and 1990 are shown in Appendices 1.1, 1.2, 1.3 and 1.4. 
5.5  Public transport mobility model development 
The underlying approach for the development of the public transport mobility model equation is 
similar to that described in Chapter 4, that urban transport models are generally based on the 
notion that traffic can be modelled in aggregate measures through statistical data and predictive 
modelling techniques.  The public transport mobility model developed in this thesis does not 
intend to replace the more detailed land-use transport planning models, but develops a simpler 
sketch-plan model from city-level macro data that describes various aspects of the land-use 
transport system. 
5.5.1 Dimensional  analysis 
As in Chapter 4, an inspection of Table 5.1 shows that there are several additional controlling 
measures that have some influence on public transport mobility at the city level (see Chapter 3) are 
absent and these dimensionless measures are now shown in Table 5.4. 198 
Table 5.4 – Dimensional form of the additional measures (controlling parameters) for public transport mobility 
determination 
Measure (controlling parameters) Dimension  Abbreviation 
 
Total number of parking spaces per 1,000 CBD workers 
 
Average road network speed 
 
Overall average of the public transport modes speed 
 
 
[V/P] 
 
[L/T] 
 
[L/T] 
 
 
αcps 
 
λrns 
 
μpts 
 
Table 5.5 shows the additional Buckingham ∏ groups determined by Stull’s (1988) procedure 
derived from the controlling measures shown in Table 5.4. 
Table 5.5 – Dimensionless ratios derived by Stull’s (1988) procedure applied to the additional public transport mobility 
measures 
∏ 
Group 
number 
Abbreviated form  Description 
∏21 
 
 
 
∏22 
 
 
 
∏23 
 
 
 
(λrns * βp) / (√λa * μb) 
 
 
 
(μpts * βp) / (√λa * μb) 
 
 
 
(αcpb * √λa * μb) / (αk) 
 
 
 
Ratio of the product of road network speed and urban 
population to the product of urban area and public 
transport boardings. 
 
Ratio of the product of public transport network speed and 
urban population to the product of urban area and public 
transport boardings 
 
Ratio of the product of number of CBD parking spaces, 
urban area and public transport boardings to the urban 
population and car VKT. 
 
Note – where √ = square root. 
5.6  Public transport mobility equations 
In dimensional analysis a major assumption is that all of the controlling measures have been 
identified, such that any additional measures to those in Table 5.1 need to be considered in the 
model’s development.  In this respect, it can be expected that road infrastructure provision will 
have an impact on all motorised transportation, both private and public transport (Bannister, 1998; 
De Borger and Wousters, 1998, EMTA, 2000; Atkins, 2001).  A city’s total road network length 
(km) is therefore likely to influence the provision, quality and speed of public transport and a 
dimensionless ratio, ∏rdm, was developed to gauge its impact on urban public transport mobility.  
A dimensionless ratio that represents a city’s road infrastructure is defined as 
∏rdm = (λro 1,000)/ (βp   1 5 )       ( 5 . 4 )  
where 15 represents the maximum road metres per capita likely to be found in any city.  The value 
of 15 road metres per capita is suggested as a notional maximum with which to define a 199 
dimensionless ratio, as it is 50 percent higher than the maximum value found in the Millennium 
Cities Database for Sustainable Transport which covered 83 cities around the world (Kenworthy 
and Laube, 2001). 
Secondly, travel speed is a feature of the relationship between a city’s travel behaviour and mode-
choice.  As commuters’ monetary value of time shifts and it becomes more valued, their mobility 
mode or travel-choice decisions change from slower to faster modes.  In urban areas there is a 
demand shift in mode-choice to automobiles or motorcycles, especially in the absence of speed-
competitive public transport (Sarmiento, 1996; Hook and Replogle, 1996; Giuliano, 1999; Ingram 
and Liu, 1999; Schafer, 2000).  The literature suggests that a mode’s travel speed exerts a strong 
influence on mode-choice decisions and as such some representation of this should be included in 
any sketch-plan model of public transport mobility.  The dimensionless ratios ∏21 and ∏22 shown 
in Table 5.6 demonstrate the importance of the measure.  Stull (1988) indicates that a series of 
optional and alternative ∏ groups can be formed from the ones derived in Section 5.5.1 and 
defined here as 
   ∏speed = ∏22 / ∏21 - the ratio of public transport to road speed  (5.5) 
By using the ratio instead of the two original Pi groups the non-linear regression analysis will treat 
these Pi groups in the same manner, that is, raised to exactly the same power.  This delivers a 
better mathematical representation of the comments made in the previous paragraph.  The ratio 
∏speed can be used, but not concurrently with ∏21 and ∏22, in any development of a dimensionally 
homogenous model equation for public transport mobility.  This maintains Buckingham’s (1914) 
corollary that a number of independent dimensionless products could be generated such that their 
number is equal to the number of controlling measures minus the number of basic dimensions. 
A potential controlling measure for public transport and non-motorised mobility that is not 
considered in this thesis modelling is a proximity and walking access measure to a city’s “transit 
corridors” (Transit Co-operative Research, 1995).  The literature suggests that good proximity for 
major transit corridors has the potential to increase transit patronage, that is, when “a transit 
corridor” is accessible within a nominal 10-minute walk of its station or stop.  As well, the 
research in this thesis considers transport mobility in the ‘total’ urban environment, whereas a 
“transit corridor” may portray a non-representative view of the performance of the overall urban 
environment with respect to transit.  Finally, there are no means of computing these factors in any 
city from the available data set or any easily accessible set of data in each of the 83 cities 
(Kenworthy et al., 1999, Kenworthy and Laube, 2001). 200 
Adopting the identical procedure as described in Chapter 4, the functional form of the public 
transport mobility model equation could be represented as 
   Πpub  =  ƒ (Π1 Π3 Π5…Π23 Πuf Πpsk ∏veh Πrdm)    (5.6) 
or alternatively 
   Πpub  =  ƒ (Π1 Π3 Π5…Π20 Π23 Πuf Πpsk ∏veh Πrdm Πspeed)   (5.7) 
and the form of the function was optimised through the iterative elimination of individual Π 
groups. 
5.6.1  Public transport mobility equations for decades 1960, 1970, 1980 and 
1990 
An optimal structural form of a dimensionally homogeneous equation linking a city’s public 
transport mobility to a number of independent dimensionless ratios formed from the measures 
defined in Equations 5.6 and 5.7 is shown in Equation 5.8.  The structural and functional form of 
the optimium equation is constant over the decades 1970, 1980 and 1990.  An optimum equation 
for 1960 was not practicable because of insufficient data.  The above equation is defined as 
  ∏pub  =  (Π5
^p1) (∏psk
^p2) (∏speed
^p3) (∏rdm
^p4)    (5.8) 
where p1, p2, p3 and p4 are parameters of the equation’s power functions. 
Table 5.6 shows the ‘p’ parameter p1, p2, p3 and p4 defined by the non-linear regression and the 
proportion of variance explained for the 1970, 1980 and 1990 data sets.  Table 5.7 shows the ‘t’ 
and ‘Prob t’ statistics for the ‘p’ parameters in Table 5.6.  Figure 5.1 shows the measured public 
transport mobility and that modelled using Equation 5.8 for the cities in the 1990 data set, and 
similar representations were obtained using the 1970 and 1980 data sets (Appendix 1.2, 1.3 and 
1.4). 
Table 5.6 – ‘p’ parameters of the power function in Equation 5.8 and proportion of variance explained using four data sets 
from 1960 to 1990 
Year  No. of cities  p1  p2  p3  p4  Proportion of 
variance explained 
1960 6  omitted  omitted  omitted omitted  omitted 
1970 9  0.772013  1.796847  -2.761545  0.725846 99.4% 
1980 30  0.089737  0.557078  0.882335  0.153961 94.1% 
1990 45  0.096373  0.546853  1.087595  0.214682 91.4% 201 
Note: In 1960 only 6 complete data sets were available and thus 1960 omitted. 
 
Table 5.7- ‘t’ and ‘Prob t’ statistics for ‘p’ parameters shown in Table 5.6 
‘p’ parameters  Year Statistic 
p1 p2 p3 p4 
1970 ‘t’ 
‘Prob t’ 
2.50 
0.05419 
3.29 
0.02169 
-1.66 
0.15876 
2.48 
0.05570 
1980 ‘t’ 
‘Prob t’ 
2.87 
0.00808 
10.79 
0.00001 
4.79 
0.00006 
4.25 
0.00024 
1990 ‘t’ 
‘Prob t’ 
3.83 
0.00044 
14.35 
0.00001 
8.24 
0.00001 
5.79 
0.00001 
 
Figure 5.1 – Measured public transport mobility and that modelled using Equation 5.8 with the Kenworthy et al., (1999) 1990 
data set 
 
Note: In Chapter 5, Figures may also show a 1:1 ratio line in red. 
The values of public transport mobility modelled using Equations 5.8 were statistically assessed 
against their corresponding measured values determined by Equation 5.1 using a computer 
program from Analyse-it Software Limited ©® (2002) and Microsoft ©® Excel’s statistical 
package and the results are shown in Table 5.8 (see Appendices 1.3 and 1.4). 
Table 5.8 – Statistical comparison between the measured public transport mobility and that modelled by Equation 5.8 for 
1980 and 1990 data sets 
1980 data set  1990 data set  Statistic 
Equation 5.8  Equation 5.8 
mad 
rmsd 
intercept 
slope 
r correlation coefficient 
-0.0008 
0.0243 
0.0081 
0.9314 
0.9687 
-0.0007 
0.0330 
0.0108 
0.9121 
0.9558 
0.000
0.100
0.200
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0.400
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A – D  1.9567  2.6217 
In Table 5.8, the mad and rmsd values suggest there is a high degree of goodness-of-fit between 
the measured and modelled values of public transport mobility using Equation 5.8.  Also the low 
value of linear regression equation’s intercept and a slope approaching 1.0 further indicates a 
reliable match between the measured and modelled values in this selection of world cities.  This is 
supported by an ‘r’ correlation coefficient between the measured and modelled public transport 
mobility for both the 1980 and 1990 data sets that are significant at the ≤0.05 level.  In Table 5.7 
the high values for ‘t’ and the low values for ‘prob t’ of the ‘p’ parameters for Equation 5.8 using 
the 1990 data set suggest that equation is showing a degree of optimisation and as such may be 
credible as a sketch-plan model that can describe public transport mobility at a city level. 
The overall statistical assessment concludes that Equation 5.8 may be an appropriate sketch-plan 
model equation that describes and then has the capacity to predict the public transport mobility in 
any city. 
5.7  Public transport mobility equation using combined data sets for 1960 
to 1990 
Again as in Chapter 4, the individual decade data sets are amalgamated into one combined data set 
to provide a more robust basis to define the ‘p’ parameters for a public transport mobility sketch-
plan model equation.  Table 5.9 shows the number of cities in the combined data set, the 
proportion of the variance explained, ‘p’ parameters defined by non-linear regression, and ‘t’ and 
‘Prob t’ statistic for Equation 5.8 
Table 5.9 – Public transport mobility model ‘p’ parameters for the 1960 to 1990 combined data sets 
Statistic  Combined 
data set 
No. 
of 
cities 
Variance 
explained 
‘p’ 
parameters 
parameter 
values  ‘t’ ‘Prob  t’ 
Eqtn 5.8  90  92.6%  p1 
p2 
p3 
p4 
0.0826 
0.5319 
1.0234 
0.1854 
4.86 
19.50 
10.62 
7.67 
0.00001 
0.00001 
0.00001 
0.00001 
Table 5.10 provides a statistical comparison between the measured public transport mobility and 
that modelled using the combined data set with Equation 5.8. 
Table 5.10 – Statistical comparison between the measured public transport mobility and that modelled by Equation 5.8 for 
the combined data set 1960 to 1990 
Statistic Equation 
5.8 
mad 
rmsd 
intercept 
-0.0014 
0.0303 
0.0107 203 
slope 
r correlation coefficient 
A - D 
0.9157 
0.9623 
5.6925 
Figure 5.2 shows the measured public transport mobility and that modelled using Equation 5.8 for 
each individual city in the combined data set. 
Figure 5.2 – Measured public transport mobility and that modelled using Equation 5.8 for the Kenworthy et al. (1999) 
combined 1960 to 1990 data set 
 
The statistical parameters shown in Table 5.9 and Table 5.10 indicate that the ‘p’ parameters 
defined by a non-linear regression using Equation 5.8 and the combined 1960 to 1990 data set are 
more robust in predicting public transport mobility than those for the separate decade values 
shown in Table 5.7.  The ‘p’ parameters in Table 5.9 are capable of predicting 92.6% of the 
proportion of the variance explained between measured and modelled public transport mobility.  
The ‘r’ correlation coefficient of the combined data set is still significant at ≤0.05 level.  Also in 
this table the ‘t’ statistic is higher and its corresponding ‘prob t’ value is lower than for similar 
values shown in Table 5.7.  In Table 5.10 the other statistical parameters show marginal gains over 
the corresponding 1990 values in Table 5.8.  Overall Equation 5.8 and the corresponding ‘p’ 
parameters shown in Table 5.9 is the preferred sketch-plan model equation that best describes 
public transport mobility at the city level. 
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5.8  Public transport mobility model validation of Equation 5.8 
Again as in Chapter 4 the independent data set of 83 cities established by Kenworthy and Laube 
(2001) is used to validate the public transport mobility sketch-plan model, Equation 5.8, and its 
associated ‘p’ parameters as defined in Table 5.8.  Figure 5.3 shows the goodness-of-fit between 
each of the individual city’s measured public transport mobility and that modelled by Equation 
5.8.  The data set is shown in Appendix 1.10. 
Figure 5.3 – Measured public transport mobility for the independent cities and that modelled using Equation 5.8 and 
Kenworthy and Laube (2001) data set 
 
 
A noticeable feature of Figure 5.3, compared to its private motorised mobility counterpart, are the 
number of cities that are outside their expected modelled public transport mobility given the 
statistical analysis of the model’s predictive capacity as discussed previously (see Table 5.10).  A 
common thread amongst these under predicting cities is that they are located in developing 
countries, and in 1995/1996 their GDP per capita was less than $US10,000 as well as individually 
showing the highest levels of measured public transport mobility amongst the cities in this 
independent data set  These cities are: Chennai (1), Prague (2), Mumbai (3), Bogota (4), Sao Paulo 
(5), Bangkok (6), Cracow (7) and Budapest (8). 
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5.8.1  Predicting public transport mobility in cities at varying GDP per 
capita levels 
Given this apparent much poorer performance of the model equation in predicting the public 
transport mobility of an independent set of low-income cities, some investigation and discussion 
are needed into what may lie behind this.  The statistical analysis between the independent data 
set’s measured public transport mobility and that modelled using Equation 5.8 for all cities, for 
those with GDP per capita of less than (low-income) and greater than $US10,000 (high-income) , 
is shown in Table 5.11. 
Table 5.11 - Statistical comparison between measured public transport mobility and that modelled by Equation 5.8 in low 
and high-income cities 
Cities GDP per capita  Statistic All  cities 
<$US10,000 
low-income 
>$US10,000 
high-income 
mad 
rmsd 
intercept 
slope 
r correlation coefficient 
A – D 
0.0269 
0.1588 
0.0962 
0.3092 
0.2813 
3.2373 
0.1233 
0.2816 
0.1557 
0.0443 
0.0162 
0.6105 
-0.0123 
0.0567 
0.0349 
0.8292 
0.7985 
3.3072 
The statistics in Table 5.11 show the influence of separating the cities in the independent data set 
by the annual average GDP per capita.  Of particular notice is the strength of the model to predict 
public transport mobility in the high-income cities and almost no ability to predict this mobility in 
low-income cities.  The change in the r correlation coefficient is most noteworthy.  For the high-
income cities it is significant at ≤0.05 level while it is not significant at this level for low-income 
cities.  However, for all cities, while the model’s overall ability to predict public transport mobility 
is reduced, it is still significant at the ≤0.05 level.  These marked changes in correlation suggest 
that the public transport mobility model is still not at the level of reliability of the private 
motorised urban mobility model in Chapter 4. 
Exploring this poor performance further, the first and most obvious factor is that the cities used in 
the development of the model equation were overwhelmingly high-income cities.  In this context 
the predictive capacity of the model equation when used in much lower-income cities might be 
jeopardised due to patterns and factors in the optimised public transport mobility model equation 
that favour the higher-income cities.  Cities in developing countries present a range of 
development characteristics, dynamic growth patterns, transport infrastructure, and operations, and 
social customs that defy all but the broadest generalisations as discussed in previous chapters.  
Table 5.12 shows a selection of influential land-use, infrastructure and transportation factors, that 206 
may help to provide an insight into some possible reasons why the sketch-plan model, Equation 
5.8, is under predicting the modelled public transport mobility of these developing cities. 
Table 5.12 - Land-use, infrastructure and transportation factors of the cities identified in Figure 5.3 
City GDP/ 
capita 
pop 
density 
cars/ 
1000 
car vkt/ 
capita 
rdm/ 
capita 
boarding
s/capita 
ptvk/ 
capita 
ptpk/ 
capita 
Bangkok 
Bogota 
Budapest 
Chennai 
Cracow 
Mumbai 
Prague 
Sao Paulo 
$6,316 
$2,959 
$5,679 
$396 
$3,029 
$913 
$9,145 
$5,319 
13,869 
11,603 
5,100 
13,320 
5,881 
33,743 
4,879 
7,765 
249 
89 
298 
23 
255 
21 
441 
301 
3,184 
612 
2,213 
61 
885 
136 
3,104 
2,417 
0.58 
1.83 
2.24 
0.29 
1.47 
0.35 
2.32 
0.98 
389 
281 
815 
262 
412 
224 
906 
248 
111 
243 
111 
42 
25 
25 
123 
83 
2,799 
3,176 
3,627 
3,024 
1,772 
3,312 
4,320 
3,196 
Average of all 
cities in 
independent 
data set 
$21,786 7,541  347 4,731  3.26  254  76 1,688 
Average of 59 
high income 
cities in the 
independent 
data set 
$29,233 5,550  432 6,039  4.07  239  68 1,489 
Note: pop density is metropolitan population density persons per sqkm, cars/1000 is number of automobiles per 1,000 
persons, car VKT/capita is automobile kilometres of travel per capita, rdm/capita is number of metropolitan road 
kilometres per capita, boardings/capita is number of public transport boarding per capita, ptvk/capita is public transport 
vehicle kilometres of service per capita, ptpk/capita is number of public transport passenger kilometres of travel per 
capita.  These are annual average data. 
Source: Kenworthy and Laube (2001). 
Public transport is, a major option for satisfying the travel needs in large low-income developing 
cities.  In these circumstances demand for its services is constantly on the rise.  As urban 
populations grow and cities expand in size, public transport offers the only real alternative to 
private automobile use which, in these cities, is beyond the reach of most people (UNCHS, 1993 
and 1994, Tiwari, 2003).  In this environment, for example, in the very low-income cities of 
Bogota, Chennai and Mumbai, it suggests that the majority of the population, particularly the 
urban poor, are captive to public transport as they have no alternative.  Also in these low-income 
cities (as discussed in Chapter 3) the variation in a household member’s day-to-day mode choice is 
significantly dependent on the disposable income that person has available to meet their daily 
travel needs.  This income influence may be a contributing factor in Bangkok and Sao Paulo and to 
a slightly lesser extent, in Bogota, Chennai and Mumbai (Barter, 1998; Vasconcellos, 2004). 
In the former Eastern Bloc cities, Budapest, Cracow and Prague, their public transport systems and 
their usage reflect the policies of past centrally planned political regimes (Municipality of 
Budapest, 2004).  These cities have had a strong historical culture of captive public transport 
usage, as automobile ownership was out of the reach of all but high-ranking political and public 
officials.  Also, from this era there is a multi-modal public transport system that services almost 207 
the totality of the city, based on an extremely low fare structure that is integrated across all public 
transport services (EMTA, 2001a). 
In the independent data set the cities with an annual average GDP per capita of greater than and 
less than $US10,000 are shown in Table 5.13 and Table 5.14 respectively (Kenworthy and Laube, 
2001). 
Table 5.13 – Independent 1995 urban data set cities with GDP/capita greater than $US10,000 per annum 
Region City 
United States of America 
10 cities 
Atlanta, Chicago, Denver, Houston, Los Angeles, New York, Phoenix, San 
Diego, San Francisco, Washington 
 
Australia & New Zealand 
5 cities 
 
Brisbane, Melbourne, Perth, Sydney, Wellington 
 
Canada - 5 cities  Calgary, Montreal, Ottawa, Toronto, Vancouver 
 
Europe - 31 cities  Amsterdam, Athens, Barcelona, Berlin, Berne, Bologna, Brussels, 
Copenhagen, Dusseldorf, Frankfurt, Geneva, Glasgow, Graz, Hamburg, 
Helsinki, London, Lyon, Madrid, Munich, Manchester, Marseille, Milan, 
Nantes, Newcastle, Oslo, Paris, Rome, Stockholm, Stuttgart, Vienna, Zurich 
 
Asia developed - 7 cities  Hong Kong, Osaka, Singapore, Sapporo, Seoul, Taipei, Tokyo 
 
Middle East - 1 city  Tel Aviv 
 
 
Table 5.14 - Independent 1995 urban data set cities with GDP/capita less than $US10,000 per annum 
Region City 
Asia developing - 7 cities  Bangkok, Chennai, Ho Chi Minh City, Jakarta, Kuala Lumpur, Manila, 
Mumbai 
 
South America - 3 cities  Bogota, Curitiba, Sao Paulo 
 
Africa - 6 cities  Cairo, Cape Town, Dakar, Harare, Johannesburg, Tunis 
 
China - 3 cities  Beijing, Guangzhou, Shanghai 
 
Eastern Europe - 3 cities  Budapest, Cracow, Prague 
 
Middle East - 2 cities  Riyadh, Tehran 
 
Source: Kenworthy and Laube (2001). 
Figure 5.4 shows the measured public transport mobility and that modelled using Equation 5.8 for 
the 59 cities in the independent data set with a GDP/capita of greater than $US10,000 per capita. 
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Figure 5.4 – Measured public transport mobility in the cities with a >$US10K GDP/capita and that modelled using Equation 
5.8 and the Kenworthy and Laube (2001) data set 
 
There were 24 cities in the independent data set with a GDP/capita less than $US10,000 and 
Figure 5.5 shows the measured public transport mobility and that modelled using Equation 5.8. 
Figure 5.5 - Measured public transport mobility in the cities with a <$US10K GDP/capita and that modelled using Equation 
5.8 and the Kenworthy and Laube (2001) data set 
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Many of these developing cities have spread across the landscape, following similar suburbanising 
and decentralising land-use patterns to more affluent cities in developed countries, albeit still at 
much higher densities than the sprawling patterns of land-use in the United States and Australia.  
Thus the typical developing city’s urban land-use pattern is high urban population densities with 
densely packed housing, businesses, and industrial buildings built strongly along corridors 
following main roads (Thomson, 1977; Bannister, 1998; World Bank, 2000e).  Such patterns, 
while generating stress on urban transport infrastructure, that is congestion, in many instances is 
primarily based around bus and rail systems (Cracknell, 2000; Vasconcellos, 2001; Sperling, 
2002).  Therefore many developing cities are experiencing stifling traffic congestion, and most 
may not be able to build enough road infrastructure to keep pace with demand.  On the other hand, 
a major advantage is that people do not have to travel far to gain access to goods and services 
(UNCHS, 1993 and 1994; Gannon and Liu, 1997; Gakenheimer, 1999; Cracknell, 2000; 
Vasconcellos, 2001; Sperling, 2002). 
This simplified archetypal description of a low-income developing city is contrasted with that of a 
high-income North American and Australian (see Table 5.3).  Typically, these cities are dominated 
by sprawling urban landscapes comprised of low population density, and high levels of automobile 
ownership and use.  Underpinning this urban form and automobile orientated mobility is a highly 
developed road infrastructure, (high road metres per capita), and a city with very low levels of 
public transport supply and usage, without the vast numbers of captive patrons in developing 
cities.  The procedure used in the development of an optimised form of the public transport 
mobility model, Equation 5.8, has favoured those Pi groups associated with a high-income city’s 
public transport controlling measures. 
In summary, the model shows a strong reliance on transport infrastructure provision measures 
associated with a city’s public transport system.  However, as discussed in Chapter 3, public 
transport utilisation also has a number of human, social and management measures which strongly 
affect both captive and committed users alike, and these measures were not able to be accounted 
for in the development of the public transport mobility model.  It is likely that these factors, in 
addition to the developing city issues, have resulted in the public transport mobility model being 
weaker in its predictive capacity compared to the private motorised urban mobility model. 
5.9  A non-motorised mobility model 
The literature review in Chapter 3 has contrasted the importance of non-motorised mobility in 
more developed cities such as those in the United States where walking and bicycling are at their 210 
lowest with that in less developed cities located throughout the south, particularly cities located in 
rural China and India where non-motorised transport is very important.  However, a single 
unifying feature in both these types of urban environments is that every journey starts with 
walking and is thus an important part of the mobility system of any city (Vasconcellos, 2001).  
This section of the chapter explores the possibility of developing a predictive model of non-
motorised mobility that works on an aggregate city level and is driven by factors that can be 
measured at this scale.  However, the immediate problem confronting such an endeavour is the 
fact that many of the influences on choice of walking or a bicycle for any particular trip operate at 
a micro-level and are thus difficult, if not impossible, to capture at an aggregate city level (quality 
of footpaths, bicycle ways, shade, safety and so on). 
5.9.1  Non-motorised mobility a non-dimensional indicator 
The physical measures that drive non-motorised mobility and which can be measured on a city 
scale, are shown in Table 3.32 and are defined against standardised terms used by Kenworthy et al. 
(1999) in Table 5.1.  Based on these controlling measures a non-dimensional non-motorised 
mobility indicator, ∏nmm, is the combination of two parts, a walking plus a bicycling component 
and defined as 
∏nmm  =  ∏wa + ∏bi       ( 5 . 9 )  
where the walking component of this non-motorised mobility indicator, ∏wa, is defined as the 
product of ∏13 and ∏14 
∏wa  =  ∏13 * ∏14       ( 5 . 1 0 )  
∏wa  = (σw / μb) * (σl / √λa)       ( 5 . 1 1 )  
and where the bicycling component of the non-motorised mobility indicator, ∏bi, is defined as the 
product of ∏15 and ∏16 
∏bi  =  ∏15 * ∏16       ( 5 . 1 2 )  
∏bi  =  (γc / μb) * (γl / √λa)       ( 5 . 1 3 )  
The combination of Equation 5.11 and Equation 5.13 gives a non-dimensional non-motorised 
mobility indicator, ∏nmm, based on the controlling measures and defined as 211 
∏nmm  =  [(σw / μb) * (σl / √λa)] + [(γc / μb) * (γl / √λa)]   (5.14) 
where the terms are defined in Table 4.4. 
5.9.2  Non-motorised mobility model underlying approach 
The development of a non-motorised mobility model equation over a time-series, similar to those 
used for private motorised urban and public transport mobility, is seriously hampered by the 
availability of appropriate and standardised data sets for a large number of international cities.  In 
the publications, Cities and Automobile Dependence (Newman and Kenworthy, 1989) and An 
International Sourcebook of Automobile Dependence in Cities, 1960 – 1990 (Kenworthy et al., 
1999) there were some data available on the use of non-motorised modes but this was limited to 
modal split for the journey-to-work.  There were no data on the use of walking and bicycling for 
all trips, nor were there any trip lengths from which to calculate passenger kilometres.  Thus the 
essential time-series data required to develop a non-motorised mobility model was not available 
within the current literature. 
However, the Millennium Cities Database for Sustainable Transport based on 1995 / 1996 urban 
data (Kenworthy and Laube, 2001) contains a selection of standardised non-motorised mobility 
data for all trip purposes which can be used in the development and validation of a sketch-plan 
model equation for non-motorised mobility.  These data were supplemented with information 
contained in Chapter 3 that indicates that actual walking trip lengths, σl, in most cities do not 
generally exceed 3 kilometres, while typical bicycling trip lengths, γl, usually cover distances 
between 3 and 8 kilometres (European Commission, 1998; Environics International, 1998; Indian 
Institute, 1998; Pucher and Dijkstra, 2000; Allan, 2001; Gaffron, 2001).  These trip length values 
for walking and bicycling were used as a basis for determining the values used in Equation 5.14 
and were considered appropriate under the circumstances, since Kenworthy and Laube (2001) do 
not provide individual city values for either average walking or bicycling trip length. 
Bearing in mind these limitations, the brief description below outlines how a non-motorised 
mobility model equation would be developed had an appropriate standardised time-series data set 
of the controlling measures been available.  This is followed by a more limited version of the 
development of such a model.  The thesis has used a robust procedure of dimensional analysis to 
establish a series of dimensionally homogeneous equations that describe both the private 
motorised urban mobility and public transport mobility components of a total urban mobility 212 
model.  A non-motorised mobility model equation was therefore developed based on and using 
similar techniques of dimensional analysis as described in Chapter 4. 
On the assumption that the dimensionless Π groups shown in Table 4.5 and Table 5.6 and 
Equations 4.3, 4.4, 4.6, 5.4 and 5.5 represent all of the controlling measures of a city’s non-
motorised mobility, a functional relationship linking them was found by non-linear regression 
utilising the program NLREG (Sherrod, 1995).  In this process, the data set to be used was treated 
as an independent representation and optimal relationships between the Π groups were found by 
assuming that the functional form of the model equation could be represented as 
  Πnmm =  ƒ (Π1 … Π12 Π17 … Π23Πuf ΠufΠpskΠveh∏rdm)   (5.15) 
or alternatively 
  Πnmm  =  ƒ (Π1 … Π12 Π17 … Π20Π23ΠufΠpsk∏rdmΠspeed)   (5.16) 
The functional form of the model equation, (5.15 and 5.16) may be developed further should an 
appropriate standardised time-series data set become available. 
5.9.3  Non-motorised mobility model equation 
Although it is not possible to pursue a non-motorised mobility model in the same way as the 
previous two models, the Kenworthy and Laube (2001) data set contains enough measures to 
explore the initial development of such a non-motorised mobility model when combined with 
additional trip length data as previously described.  The data set comprising 83 individual cities 
was randomly divided into two parts where part (a) comprising 42 cities was used to develop the 
non-motorised mobility (walking and bicycling) model equation and part (b) comprising 41 cities 
was used to validate the model equation.  The data set is shown in Appendix 1.11. 
An optimal structural form of a dimensionally homogeneous equation that describes a city’s non-
motorised mobility is defined in Equations 5.17, based on a combination of Equations 5.14 to 5.16 
∏nmm  =  (Π2
^p1) (∏20
^p2) (∏speed
^p3)     (5.17) 
where p1, p2 and p3 are parameters defined by the non-linear regression. 
Table 5.15 shows the ‘p’ parameters p1, p2 and p3 and the proportion of variance explained by 
Equation 5.17 for the 1995/96 data set  Table 5.16 shows the ‘t’ and ‘Prob t’ statistics for the ‘p’ 213 
parameters in Table 5.15.  Figure 5.6 shows the measured non-motorised mobility and that 
modelled using Equation 5.17 for the cities in the 1995 / 1996 data set. 
Table 5.15 – ‘p’ parameters of the power function in Equation 5.17 and proportion of variance explained for the 1995/96 data 
set 
Year  No. of cities  p1  p2  p3  proportion of variance 
explained 
1995/96 42 -0.3608  0.4308  1.0125  37.4% 
 
Table 5.16- ‘t’ and ‘Prob t’ statistics for ‘p’ parameters shown in Table 5.15 
‘p’ parameters  Year Statistic 
p1 p2 p3 
1995/96 ‘t’ 
‘Prob t’ 
-4.57 
0.00005 
5.59 
0.00001 
5.15 
0.00001 
 
Figure 5.6 – Measured non-motorised mobility and that modelled using Equation 5.17 for the Kenworthy and Laube (2001) 
data set 
 
The goodness-of-fit between an individual city’s measured and modelled non-motorised mobility 
using Equation 5.17 is shown in Table 5.17. 
Table 5.17 – Statistical comparison between the measured non-motorised mobility and that modelled by Equation 5.17 for 
1995/96 cities 
1995/96  Statistic 
Equation 5.17 
mad 
rmsd 
intercept 
slope 
r correlation coefficient 
A – D 
0.0272 
0.0907 
0.0049 
0.7427 
0.7178 
4.7222 
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The statistic in Table 5.17 together with the ‘t’ and ‘prob t’ values shown in Table 5.16 suggest 
that the model equation has a more than reasonable capacity of predicting non-motorised mobility 
at the city level.  The r correlation coefficient between the measured and modelled mobility is 
significant at the ≤0.05 level.  However, the remaining statistic in Table 5.17 and the proportion of 
the variance explained at 37.4% in Table 5.15 as well as the visual appearance of the data plotted 
in Figure 5.6 suggests caution in laying strong claims to the robustness of this non-motorised 
transport mobility sketch-plan model. 
5.10  Non-motorised mobility model validation of Equation 5.17 
The other 41 cities from the Millennium Cities Database for Sustainable Transport project were 
used to validate the non-motorised mobility model Equation 5.17.  Figure 5.7 shows the 
comparison between each of the 41 individual city’s measured non-motorised mobility and that 
modelled using the model equation. 
Figure 5.7 – Measured non-motorised mobility and that modelled using Equation 5.17 for validating the Kenworthy and 
Laube (2001)  data set cities 
 
The goodness-of-fit between the measured and modelled non-motorised mobility using Equation 
5.17 is shown in Table 5.18. 
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Table 5.18 – Statistical comparison between the measured non-motorised mobility and that modelled by Equation 5.17 for 
the model validation cities, 1995/96 
1995/96  Statistic 
Equation 5.17 
mad 
rmsd 
intercept 
slope 
r correlation coefficient 
A – D 
0.0589 
0.1195 
0.0438 
0.2016 
0.2164 
5.0945 
The modelled values of non-motorised mobility show a poor relationship to their measured values 
and particularly the r correlation coefficient is not significant at the ≤0.05 level.  Other statistics in 
Table 5.18 suggest that Equation 5.17 is not a robust model of non-motorised mobility and will 
require re-working should more substantial non-motorised mobility data sets be able to be 
developed for a wide range of cities over a number of years. 
Should this course be followed, it is important to take account of the many human, social and 
management measures that influence non-motorised mobility that have been previously discussed 
in Chapter 3.  Zacharias (2001) explores a set of behaviours and perceptions, that is, controlling 
parameters or measures that are associated with understanding, quantifying and modelling walking 
mobility in an urban environment.  Zacharias provides some tangible evidence that underpins the 
difficulties found here in ultimately developing a robust non-motorised mobility model that has the 
capacity to predict non-motorised mobility at the city level that is handicapped through not being 
able to adequately quantify these human, social and management measures stating that 
“Once in the public environment, ‘pedestrians’ experience a variety of sensations 
related to comfort and stimulation.  The microclimate makes it more or less 
comfortable to remain in the space, to sit, or to engage in some activity.  Moderate 
crowding is both attractive and dissuasive, but visual display is also not perceived 
indifferently by pedestrians to public environments.  Not only do people make 
judgments about places before they arrive, but they also make a series of judgments 
and decisions while navigating the environment.  Decisions at all these scales have a 
stochastic character, the degree of randomness or error varying but never a 
preponderant effect.  Just what prompts this agreement in behaviour and perception 
remains an important obstacle to the development of a predictive model of behaviour, 
that is, we require knowledge of the underlying mechanism to know how variations in 
environmental conditions will affect behavioural response.” (Zacharias, 2001:15). 
5.11  Chapter summary and conclusion 
From optimal relationships between a series of Π groups dimensionally homogenous model 
equations for public transport mobility and non-motorised mobility have been developed as 
integrated components of an overall urban mobility model.  The public transport mobility equation 
is founded on a robust and standardised time-series data set, while the non-motorised mobility 216 
equation is statistically less robust but provides a pathway to the completion of the objective of the 
thesis to develop a total urban mobility sketch-plan model.  The sketch plan models (Equations 5.8 
and 5.17) show strong linkages to a complex matrix of urban transport infrastructure measures, in 
comparison to Chapter 4’s private motorised mobility model that, be it in the form of private 
motor vehicles and / or motor cycles and taxis, is largely determined by the structure and physical 
characteristics of the city itself. 
In Chapter 3, the review examines a number of physical and human, social and management 
measures that drive public transport and non-motorised mobility and concludes that they do not act 
alone, but act in some complex unknown matrix of combinations.  The public transport mobility 
model equation based only on measurable physical attributes of cities was able to explain greater 
than 90% of the variance between the measured and modelled values without accounting for the 
human, social and management measures.  However, the model’s capacity to predict the public 
transport mobility in cities located in less developed countries was less certain than in cities in 
more developed countries. 
A number of possible explanations for this poorer performance in the low-income developing 
cities were discussed in the chapter.  In particular, it should be noted that transportation plays a 
central role in the economic development, life-style and environmental amenity of any city.  It is 
argued that the public transport mobility model was developed from a data set strongly influenced 
by controlling measures of public transport in an archetypal automobile city.  As well, it is shown 
here and in Chapter 3 that public transport mobility in all cities is influenced by a number of urban 
transport infrastructure measures.  However, in low-income cities these infrastructure measures are 
complemented by a matrix of unquantified human, social and management factors which together 
drive public transport mobility.  Of particular interest is a factor that much of the population in 
these cities has no other form of transport, while in many there are strong behavioural and cultural 
factors that drive public transport that are not present in high-income cities. 
A Transit Co-operative Research (1995) paper proposes strong arguments for transport corridors 
and their associations with improved transit patronage.  This paper discusses a number of corridor 
studies that have examined public transport ridership by the walking proximity and access to stops 
or stations (Stringham, 1982; Untermann, 1984 and Cervero, 2002).  However, this corridor 
behaviour may not be representative of what is happening across the entire city environment in 
respect of public transport.  Similarly, walking and bicycling in neighbourhoods or small precincts 
has the potential to portray an out-of-balance spatial scale assessment of non-motorised mobility 
when compared to what occurs across the entire urban area (Crane and Crepeau, 1998; Greenwald 217 
and Boarnet, 2001).  As such the development of a suitable measure that encapsulates these 
concepts is not practicable from data sets available to the research in this thesis. 
A non-motorised mobility sketch-plan model equation was presented as a procedural function for 
its future final development when an in-depth standardised time-series data set becomes available.  
However, it can also be concluded that, of the three forms of mobility being modelled in this 
thesis, non-motorised mobility is the most difficult.  This can be at least partly attributed to the fact 
that walking and bicycling depend a great deal on many local qualitative factors that are difficult 
to quantify for a whole city.  As such, it is difficult to cover in a model of the type in this thesis, all 
the factors that determine the level of non-motorised mobility.  Notwithstanding this and similar 
comments made in relation to public transport regarding the human, social and management 
measures, the model equation presented for non-motorised mobility is the current best practicable 
model achievable, though it performs quite poorly in its predictive capacity. 
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CHAPTER SIX 
 
TRENDS IN VEHICLE KILOMETRES OF TRAVEL IN WORLD CITIES, 
1960 – 1995: UNDERLYING DRIVERS AND POLICY RESPONSES 
 
6.1 Introduction 
A model is the representation of real world phenomena through a set of mathematical equations, 
and it is the aim of a model to predict, to some statistical certainty, different scenarios of unknown 
or future events.  Equation 4.11 is capable of predicting the private motorised mobility in 
developed and developing cities to a high degree of statistical reliability.  This chapter will 
therefore explore an important application of the private motorised mobility model equation, 
Equation 4.11, developed in Chapter 4, that of understanding the key factors that have contributed 
to the evolution of private motorised urban mobility in different cities. 
The chapter examines the evolutionary changes in the key driving variables that predict private 
motorised mobility and relates them to important transport policy initiatives that have been evoked 
or, on the contrary, the absence of critical transport policy interventions.  It highlights the way in 
which private motorised mobility has evolved and the relative importance of the different 
measures in each city’s evolution.  A mathematical re-arrangement of Equation 4.11 is used to 
consider the effectiveness of a number of transport policy instruments directed at restricting 
automobile use at the city level.  A detailed examination is presented of a series of case study 
cities that were chosen either on the basis of their noteworthy or unusual automobile use restraint 
policies, or as typical examples of cities in particular geographical regions.  The case study cities 
are Singapore, Hong Kong, Stockholm, Munich, New York, Phoenix and Perth. 
6.2  Mathematical rearrangement of Equation 4.11 
The primary use of Equation 4.11 is that it defines a city’s private motorised urban mobility.  The 
model equation is a statistically robust expression that is capable of predicting greater than 87 
percent of the variance between the observed and predicted private motorised urban mobility of 
any developed and developing city.  This section describes a mathematical re-arrangement of the   219 
terms in Equation 4.11 that provides a means of quantifying private automobile kilometres of 
travel (αk), according to the key variables in Equation 4.11. 
A re-arrangement of the private motorised urban mobility model equation in these terms is shown 
in the following steps, commencing with Equation 4.2 and Equation 4.11 
Πmob1 = (αkαo) / (365βp5 0 )       ( 4 . 2 )  
Πmob1 = p0(Πuf
p1){1 / [1 + exp(-p2Πvehicle)]}
p3    ( 4 . 1 1 )  
Combining Equations 4.2 and 4.11 the following expression is obtained (Equation 6.1) 
(αkαo) / (365βp50) = p0(Πuf
p1){1 / [1 + exp(-p2Πvehicle)]}
p3 (6.1) 
Re-arrangement of the terms in Equation 6.1 and substituting the ‘p’ parameters from Table 4.17 
yields the following series of equations 
  αkαo = (115,552βp
0.74λa
0.26S )       ( 6 . 2 )  
  αk = (115,552ρ
0.74λaS) / αo      ( 6 . 3 )  
where S = {1 / [1 + exp(-p2(αc/{0.85βp}))]}
p3      ( 6 . 4 )  
The terms αk, αo, αc, βp and λa are defined in Table 4.4, and ρ is the total urbanised population 
density defined as (βp / λa) (persons per square kilometre).  S is a private automobile saturation 
factor, which is defined in Equation 6.4 and p1, p2 and p3 are shown in Table 4.17. 
An application of this re-arrangement, Figure 6.1, shows the change in the model equation’s 
saturation factor, S, with the number of private automobiles per capita.  The literature review 
describes a strong relationship at the national, city and household level between the increase in 
personal affluence and a parallel increase in automobile ownership and use (Dunphy and Fisher, 
1996; Pucher and Lefèvre, 1996; Giuliano and Gillespie, 1997; Barter, 1998; Dargay and Gately, 
1999). 
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Figure 6.1 – Changes in the model equation’s automobile saturation factor with automobiles per capita 
 
Accepting these findings from the literature, Figure 6.1 shows that, as more and more of the urban 
population acquire an increased personal income, that is, as GDP per capita increases, the term αc 
in Equation 6.4 will likewise increase, indicating that private motorised mobility will increase as a 
function of private automobile saturation. 
An examination of Equation 6.2 and Equation 6.3 also highlights the direct dependence of private 
automobile kilometres of travel (αk) on the total built-up (urbanised) area of the metropolitan area 
(λa).  As the urban area increases there is a consequent direct increase in vehicle kilometres of 
travel, and since private automobile kilometres of travel is a surrogate for vehicular emissions, this 
implies the larger the urban area the greater the vehicle emissions, in keeping with the recent 
analysis of Lyons et al. (2003).  This is pursued further in Chapter 7.  As an urban population (βp) 
increases, private motorised urban mobility (Πmob1) and hence private automobile kilometres of 
travel (αk) will increase at a faster rate if urban density is maintained rather than if urban area is 
maintained, assuming S remains constant.  This is consistent with current “Smart Growth” policies 
in America, urban consolidation in Australia and compact city policies in Europe, which seek to 
constrain urban development through reducing urban sprawl (Downs, 1994; Langdon, 1994; 
Williams, et al., 2000).  The model also highlights the value of economic policies that have the 
effect of restraining private automobile ownership as personal affluence increases. 
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Given that private automobile use is increasing in many urban areas (Anderson et al., 1996), 
Equation 6.2 provides an opportunity to review the relative importance which the measures 
identified have had on changes in urban mobility across a range of cities over a relatively long 
period (1960 to 1995).  That is, the relative importance of the measures affecting changes in 
private automobile kilometres of travel (αk) can be seen through the differentiation of Equation 6.3 
to yield 
  ( Δαk / αk) = (0.74Δβp/βp) + (0.26Δλa/λa) + (ΔS/S) – (Δαo/αo)   (6.5) 
where Δ represents the change in the individual measure.  Equation 6.5 suggests that increases in 
private automobile kilometres of travel (αk) arise from urban population growth (0.74Δβp/βp), 
urban sprawl (0.26Δλa/λa), increased private automobile ownership (ΔS/S) and a decrease in 
private automobile occupancy (Δαo/αo). 
6.3 City  selection 
All cities tend to experience greater mobility as the urban population increases, but this does not 
necessarily have to translate to greater values of private automobile kilometres of travel if policy 
initiatives are utilised to compensate for the increased population by a commensurate decrease in 
the other measures identified in Equation 6.5.  However, this is not always the case, so the variety 
of outcomes for a cross-section of world cities is explored and highlighted in the following case 
studies.  The selected cities were chosen to ensure representation across the different geographic 
regions covered by the land-use and transport data for Asia, Europe, North America and Australia 
available in Kenworthy et al. (1999) and Kenworthy and Laube (2001).  The aim here was to test 
the model over a wide range of city types from high urban population density, public transport-
orientated Asian cities to sprawling, auto-dependent regions, where it might be expected that 
different factors would be at work in determining trends in private motorised mobility.  Within this 
general context, preference was given to cities that had noteworthy or unusual private transport 
policies that might be expected to distinguish them from other cities, for example, Singapore’s 
traffic restraint policies, thus permitting clearer judgements about whether the model’s results 
coincided with these clear policy strategies. 
Table 6.1 provides an overview of some key characteristics of each of the seven cities in order to 
show the very wide range in land-use and transport conditions encapsulated in the case studies.  
For example, in 1995 annual private automobile use ranged from 930 passenger kilometres per   222 
capita in Hong Kong up to 15,082 in Phoenix and urban population density in the same cities 
ranged from 32,035 persons per sqkm down to 1,039 persons per sqkm respectively. 
Table 6.1 – Key land-use and transport characteristics of the 7 case study cities in 1995 
Measure Hong 
Kong 
Singapore Munich Stockholm New  York Phoenix  Perth 
Population 
Number of jobs 
GDP/capita 
Urban density 
Cars/1,000 persons 
Freeway 
availability 
Car pass km/capita 
Pub trans pass 
km/capita 
% of daily trips by 
walking & 
bicycling 
 
6,311,000 
2,980,151 
$22,969 
32,035 
46 
13.0 
 
930 
3,675 
 
34.1 
2,986,500 
1,700,900 
$28,578 
9,353 
116 
44.2 
 
3,570 
3,143 
 
16.3 
1,324,208 
768,700 
$54,692 
5,566 
469 
45.3 
 
5,913 
2,622 
 
32.3 
 
1,725,756 
838,800 
$33,438 
2,659 
386 
130.4 
 
8,460 
2,317 
 
28.0 
19,227,361 
10,108,808 
$34,935 
1,804 
444 
112.8 
 
12,845 
1,266 
 
16.1 
2,526,113 
1,035,214 
$26,920 
1,039 
531 
178.9 
 
15,082 
100 
 
4.9 
1,244,320 
521,810 
$21,995 
1,089 
658 
42.6 
 
13,546 
642 
 
9.1 
Notes: GDP/capita is metropolitan GDP per capita in 1995 US$, urban density is persons per square kilometre, 
cars/1,000 is private passenger vehicles per 1,000 persons, Freeway availability is length of freeway per capita (metres 
per 1,000 persons), car pass km/capita is passenger car passenger kilometres per capita, pub trans pass km/capita is 
public transport passenger kilometres per capita 
Source: Kenworthy and Laube (2001). 
In summary, the cities selected for studying the evolution of private motorised urban mobility 
encompass some of the extremes in land-use transport variation around the world. 
6.4  Examination of automobile restraint policies at the city level 
6.4.1 Background 
As engines of economic growth, cities are showing increasing population growth and expansion of 
their urban area in a global push to urbanisation and decentralisation (UNCHS, 1996; World Bank, 
2000).  A consequence of these changes is a steady, but at times rapid growth in personal affluence 
that brings with it well recognised parallel growth in automobile ownership and use (Ingram and 
Lui, 1998; Dargay and Gately, 1999; Dargay, 2001; Schipper et al., 2001).  The result of this trend 
is that many cities in both developed and developing regions are encountering increased traffic 
flows, volumes, and particularly high levels of automobile commuting for the journey-to-work.  
Such continuing increases in automobile ownership and traffic growth and the inability of road 
construction to keep pace, are the prime causes of traffic congestion afflicting both developed and 
developing cities (Pucher and Lefèvre, 1996; Goh, 2002). 
Traffic congestion is a problem in cities with generous road networks and low residential densities 
and in those with high density and poor road infrastructure.  Of the 132 cities studied by the   223 
OECD/ECMT, 70% recorded increasing incidents of high traffic congestion (OECD/ECMT, 
1995).  In many cities, traffic congestion has spread beyond the morning and evening peak traffic 
flow and is regularly occurring in the inter-peak period.  The congestion caused by this increased 
traffic is reflected in the mean road network speed for metropolitan areas, which in many has been 
reduced to less than 20 kilometre per hour (km/h) for the 24-hour period averaged over 7-days 
(Kenworthy et al., 1999; Kenworthy and Laube, 2001).  This is approaching typical average 
bicycling speeds.  The downstream impacts of congestion are increased costs and foregone 
economic opportunity, and the loss of a city’s environmental amenity.,  It is difficult to estimate 
the true cost of congestion, but in the OECD a rough annual estimate was 7% of GDP, while a loss 
of environmental amenity is caused by deteriorating urban air quality, increased traffic noise and a 
decline in the quality of public spaces from parking and roads (OECD/ECMT, 1995; Newman and 
Kenworthy, 1999). 
To reduce the amount and the impact of congestion, a reduction in traffic levels is needed.  In 
many cities, current overall transport policies, and traffic management strategies in particular, may 
not achieve the needed reductions in automobile ownership and use, even to stabilise at current 
levels of traffic demand into the forthcoming years let alone reduce such demand.  There is 
therefore a growing realisation that radical measures will be required.  There is some consensus 
that a total package approach is required, involving parallel traffic demand management measures 
and improvements to non-automobile alternatives (Cullinane, 2002).  In the face of rising 
automobile ownership, fiscal instruments as part of this integrated package of measures are 
increasingly being deployed to reduce traffic demand and raise revenue.  This change has come 
after many years of mostly theoretical debates on the subject.  A most recent example is a £UK5 
per vehicle entry fee per day, or “Congestion Charging” strategy for a gazetted area of central 
London starting in February 2003 (Transport for London, 2003).  In Shanghai, authorities have 
also implemented a Singapore-style monthly auction for automobile number-plates, which in 2004 
can cost prospective automobile buyers around a total of $US4,500 before the vehicle is even 
purchased (The Australian Financial Review, 14 July, 2004, page 60). 
The following case studies demonstrate some examples of the impact of implementing a range of 
different types of constraints on increasing demand for urban automobile ownership and use. 
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6.4.2  Case study of two Asian cities 
Singapore case study 
Singapore’s expanding economic development and the growth of its GDP per capita from 
$Sing1,306 in 1960 to $Sing33,500 in 1995 has seen its automobile ownership in that period 
increase from 38.5 to 116.3 automobiles per 1,000 persons (Kenworthy et al., 1999; Dept Statistics 
Singapore, 2001; Kenworthy and Laube, 2001).  This increase in automobile ownership with 
increasing personal affluence follows similar international trends as examined and discussed in 
Chapter 2, though the rate of increase relative to burgeoning wealth has been very much 
constrained.  Given Singapore’s small land area, 633 square kilometres, and its potential for rapid 
increases in automobile ownership, draconian measures have been implemented to restrain the 
growth in automobile ownership and the use of automobiles (Phang, 1993; Koh and Lee, 1994). 
The main thrust of Singapore’s Government to discourage Singaporeans’ demand for automobile 
ownership and use has been a series of fiscal strategies.  The initial strategies imposed 
considerable additional costs on Singapore's automobile owners, including high importation taxes 
on automobiles, an additional lump sum registration fee, and additional road taxes based on the 
automobile’s price as well as its engine capacity.  An Additional Registration Fee (ARF) was first 
imposed in the late 1950s, which was mainly seen as a revenue raising measure (Willoughby, 
2001).  The ARF strategy became more prominent in 1972 through Government legislation to 
discourage automobile ownership.  In 1975, an additional fiscal measure was implemented, the 
Restricted Zone Area Licensing Scheme (ALS) (Phang, 1993; Koh and Lee, 1994; Seik, 1997, 
Cracknell, 2000; Willoughby, 2001; Goh, 2002).  The prime objective of the ALS was to restrict 
automobile access to Singapore’s central business district (CBD) during business hours on 
weekdays and Saturdays.  The ALS imposed a zone entry fee on automobiles that accessed the 
Restricted Zone by the purchase of a daily or monthly ALS license.  The ALS policy contained an 
exemption from the License fee for automobiles entering the Restricted Zone that carried at least 
four passengers, and for motorcycles and buses (Phang, 1993).  The imposition of this access 
license had an immediate impact on traffic volume, causing a reduction of as much as 45% and 
exceeded the Government’s target of 25 to 35% (Phang and Toh, 1997).  The ALS strategy and its 
subsequent amended versions (1976, 1980, 1984, 1986 and 1989) managed to maintain inbound 
traffic to Singapore’s CBD at about 1975 levels through the 1980s.  During this period as 
Singapore’s CBD expanded, there was a significant growth in traffic to the Restricted Zone and 
this in turn added to traffic congestion (Seik, 1997).  The Government was therefore constantly   225 
extending the boundaries of the ALS, but further action was needed.  In 1989 license concessions 
for car-pooling (at least 4 persons per automobile) and motorcycles were scrapped, in order to 
reduce traffic further (Phang, 1993; Seik, 1997). 
As part of the Government’s overall strategy to curb automobile ownership there was still 
significant public investment in road construction and a strong focus on a quality public 
transportation system.  Public sector investment in transportation systems took the form of a Mass 
Rapid Transit (MRT) network that was completed in 1990, and was then continually extended 
over the next seven years (Phang, 1993; Willoughby, 2001).  The MRT has 83 kilometres of track 
and covers all the major residential areas of Singapore.  In conjunction with the MRT, a Light Rail 
Transit (LRT) network was completed in 1999 as a feeder system for the MRT (Goh, 2002).  
There was early success for this combined approach to traffic reduction, as the ALS and new non-
automobile travel alternatives changed motorists’ culture.  They began to conscientiously plan 
their trips and overall there was a noticeable shift to public transportation for the journey-to-work.  
By 1995 the non-automobile market share for the journey-to-work trips was holding at 80% and, 
importantly, in economic terms there was no large scale movement of commercial and business 
operations out of Singapore’s CBD (World Bank, 2000b; Willoughby, 2001). 
However, in the latter half of the 1980s, Singapore's Government was concerned that automobile 
ownership was increasing too rapidly despite their strong fiscal strategies, increased taxes and 
improved and popular public transit facilities.  This growth trend has been attributed to Singapore's 
strong economic growth and increased personal affluence.  This was, above all, thought to be 
neutralising the effects that the fiscal restraints had had on automobile ownership (Phang, 1993; 
Koh and Lee, 1994; Chin and Smith, 1996; Phang et al., 1996; Goh, 2002).  In May 1990, the 
Government adopted the main recommendation of a Select Committee on Land Transportation 
Policy and implemented a quota system for automobile purchase.  In brief, the Vehicle Quota 
System (VQS) manages automobile ownership through auctions of a Certificate-of-Entitlement 
(COE) which is akin to an automobile passport and regulates precisely the number of new 
automobiles that can be purchased in any one year (Phang et al., 1996; Chu and Goh, 1997; Chu, 
2002).  The VQS is determined by Singapore’s road network to cope with any increased capacity 
(Phang, 1993; Phang et al., 1996; Cracknell, 2000; Willoughby, 2001).  Since April-May 1990 
when the VQS was implemented, there have been several iterations of this automobile 
containment strategy, at times leading to considerable frustration among many unsuccessful new 
automobile buyers.  Occasionally bids for a COE were in excess of $US58,000 for luxury 
automobiles (Goh, 2002).  The present VQS has proven very effective and has achieved a major 
objective in controlling automobile growth (Phang, 1993).   226 
So successful have these control measures been, that Singapore leads the world with its 
automobile containment strategies, but the Government realised that there were unintended side 
effects such as major congestion on feeder roads and expressways leading to the Restricted CBD 
Zone.  After several trials in 1998 the Government implemented an Electronic Road Pricing 
Scheme (RPS) that replaced the ALS (Chin and Smith, 1997; Phang and Toh, 1997; Cracknell, 
2000; Willoughby, 2001; Goh, 2002).  The prime objective of the RPS was to encourage motorists 
to change their travel behaviour and consider alternative modes of transportation.  As part of the 
RPS's implementation package the Government increased the VQS by 3% which was seen as an 
important legitimate social strategy to satisfy the automobile owning aspirations of Singapore's 
rapidly expanding middle class (Phang and Toh, 1997).  The package also gave some cost relief by 
reducing annual road tax charges (World Bank, 2000b).  However, its main purpose was to 
electronically monitor traffic flows and track automobiles and charge them on entering the CBD 
Zone.  This scheme has enjoyed wide acceptance by Singapore’s motorists and it did reduce peak 
traffic flows on major inbound routes to Singapore’s CBD (Goh, 2002). 
The Singapore Government has long recognised that the combination of building roads and 
expressways and injecting major capital investments into MTR and LRT systems in themselves 
may not be enough to curb automobile demand and use and reduce congestion in a confined area 
such as Singapore.  Above all, societal concerns need to be carefully monitored and then addressed 
through well orchestrated public education programs and combined transportation planning to 
further the Singapore Government's success in curbing automobile growth (Goh, 2002). 
To highlight the relative role of the factors outlined in Equation 6.5, Figure 6.2 depicts for 
Singapore the relative changes in each of these variables over decadal periods normalised by the 
term on the left hand side of Equation 6.5.  Thus the normalised terms will add to 1 for an 
increasing private passenger vehicle VKT and -1 for a decreasing VKT.  The data and the 
Equation 6.5 calculation are shown in Appendix 9. 
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Figure 6.2 - Change in the factors using Equation 6.5 for Singapore 1960 to 1995 
 
The representation of the change in the factors using Equation 6.5 shown in Figure 6.2 reflects the 
long-term fiscal policy instruments of the Singapore Government in its endeavours to restrain 
automobile ownership and use.  Figure 6.2 indicates the relative importance of the changes to 
Singapore’s ALS and VQS strategies.  The change in average vehicle occupancy between 1970 
and 1980 shows the impact of requiring multiple occupants in automobiles entering the CBD to 
avoid extra fees.  The change from 1980 to 1990 and 1990 to 1995 shows the impact of dropping 
this requirement.  The increasing affluence of Singaporeans and their desire or demand for 
automobiles is shown in the changes to automobile ownership, despite the significant impact of the 
VQS in suppressing automobile ownership relative to GDP.  The change and slowing in growth of 
automobile ownership in the period 1970 to 1980 may be due more to economic uncertainties and 
recession of that period than the Government’s automobile restraint strategies (World Bank, 
2000b) though the automobile restraint strategies would have had some impact.  This overall 
economic impact on automobile ownership is shown in the model’s data set where in Singapore 
there were 68.7 automobiles per 1,000 in 1970, declining slightly in 1980 to 64.2 then increasing 
to only 101.5 and 116.3 in 1990 and 1995 respectively, which is a lot lower than automobile 
ownership models based on GDP per capita would have predicted for Singapore (Appendix 1.2 to 
Appendix 1.5).  The change in Singapore’s area reflects growth in its urbanised area as defined by 
Kenworthy et al. (1999) not changes to the national boundary.  The national area of Singapore has 
slowly increased by land reclamation strategies and development, much of which however has 
ultimately been urbanised (World Bank, 2000b).  The results suggest that urban sprawl has not 
been a major contributor to growth in private mobility in Singapore.  This is especially true in the 
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period from 1970 to 1995 when the city-state has pursued an aggressive policy of high rise 
housing development (Willoughby, 2000 and 2001). 
Singapore’s experience shows that, even though its automobile restraint measures such as the ALS 
and VQS have been the subject of significant criticism, the strategies have clearly had a large 
measure of success in limiting growth in private motorised mobility (Chin and Smith, 1997; Seik, 
1997; World Bank, 2000b).  The success of the overall strategy is in its total package approach.  
While restraining automobile ownership, it has implemented at the same time an economically 
competitive high quality and efficient public transport service.  The problems of vehicular 
congestion and pollution that are so severely affecting many of the other major cities in the region 
have largely been avoided.  Growth of the economy has not visibly suffered from the high price of 
transport by automobile and the population has enjoyed a steadily improving quality of public 
transport service (World Bank, 2000b). 
Hong Kong case study 
There are many similarities between Singapore and Hong Kong (based on the former British 
Crown Colony).  Both have well constrained spatial dimensions, medium and high-density urban 
populations respectively and between 1970 and 1995 similar economic growth, having been 
prominent so-called ‘Asian Tigers’.  Their parallel personal affluence is not reflected in the 
demand for automobile ownership, with Singapore having about 2 to 3 times the number of 
automobiles per 1,000 persons of Hong Kong over that period.  Overall, Hong Kong’s average 
road length per square kilometre of land area is 1.45km compared to Singapore’s of 4.4km.  With 
an average of 279 automobiles per road kilometre in Hong Kong and 145 in Singapore, Hong 
Kong is clearly more congested, which acts as a significant brake on the further growth of 
automobile ownership and use (Hau, 2002).  Hong Kong’s topography and geography are also 
significant limiting features preventing its automobile growth.  In the decade 1960 to 1970 Hong 
Kong’s private automobiles per 1,000 persons increased more than 2 times from 11.6 to 26.9, and 
between 1970 and 1980 from 26.9 to 42.4, and between 1980 and 1990 from 42.4 to 42.9 
(Kenworthy et al., 1999; Lam and Tan, 2002).  These are very low rates of automobile ownership 
compared to most other cities in the world, especially cities of similar affluence. 
The first Comprehensive Transport Study (1976) not surprisingly revealed that three-quarters of 
Hong Kong’s road space was being used by a quarter of the travelling population, namely 
motorists and taxi occupants.  This study and its conclusions formed the basis of the Government’s 
Green Paper on transport policy that lead to a decision to use a series of fiscal measures to restrain   229 
both automobile and motor cycle ownership.  The first of these fiscal measures was the First 
Registration Tax (FRT), which was a purchase tax on the value of a vehicle.  It was increased in 
March 1974 by a half to the level of 15% of the cost-insurance-freight value on privately owned 
automobiles and motor cycles.  At the same time, the Annual Vehicle License Fee (ALF) was 
approximately trebled.  The imposition of these fiscal instruments had the desired impact, as over 
the decade 1980 to 1990 there was no significant increase in automobile and motor cycle 
ownership (Kenworthy et al., 1999; Hau, 2002; Lam and Tan, 2002). 
In December 1975, the Government increased the FRT on automobiles and motor cycles to 30% 
and also decided to charge all goods vehicles and taxis an FRT set initially at 15%.  There were 
minor adjustments to the FRT’s tax rate in February 1978 and March 1979, but they were only 
imposed on high-valued private automobiles.  In May 1982, the Government enacted a drastic 
fiscal restraint measure on the ownership of private automobiles and motor cycles that involved a 
doubling of the FRT in a range of 70 to 90% of a vehicle's value; a tripling of the annual license 
fees (ALF); and a doubling of the gasoline fuel tax.  There have been no increases in these fiscal 
instruments since 1982, so this form of restraint on the private automobile fleet has been 
increasingly less effective (Hong Kong Government, 2001).  After the 1982 rises in taxes and 
charges, the Government still expressed concern over Hong Kong’s automobile ownership and 
implemented an experimental trial of Electronic Road Pricing (ERP) between 1983 and 1985.  Hau 
(2002) reports that this trial was extremely successful and its success stimulated an Area Licensing 
Scheme (ALS) similar to that operating in Singapore (Industry Commission, 1994). 
Despite the success of the ERP and ALS schemes, the public did not accept them, citing privacy 
concerns.  Further, the political climate in Hong Kong at that juncture with the signing of the Sino-
British Joint Declaration on the future of Hong Kong after 1997 added to the demise of the ERP 
and ALS as fiscal transport management strategies.  The Second Comprehensive Transport Study 
(1989) and its update in 1993 came forward with a number of transportation investment measures 
including increased road and tunnel construction (toll-ways) and expansion of public 
transportation infrastructure and services.  However, even with the fulfilment of these investment 
and infrastructure projects and the continued imposition of the FRT and ALF fiscal measures, the 
demand for automobile ownership continues in Hong Kong.  Hong Kongs’ economic success 
continues to place huge pressure on these strong fiscal measures in controlling automobile 
demand, as it does in Singapore. 
To highlight the relative role of the factors outlined in Equation 6.5, Figure 6.3 depicts for Hong 
Kong the relative changes in each of these variables over decadal periods normalised by the term   230 
on the left hand side of Equation 6.5.  Thus as before, the normalised terms will add to 1 for an 
increasing private passenger vehicle VKT and -1 for a decreasing VKT.  The data and the 
Equation 6.5 calculation are shown in Appendix 9. 
Figure 6.3 - Change in the factors using Equation 6.5 for Hong Kong 1970 to 1995 
 
Note: Insufficient data available for Hong Kong in 1960, thus no change in factors possible from 1960 to 1970. 
The decline from the 1970-1980 period to the 1980-1990 period of the vehicle ownership factor 
shown in Figure 6.3 reflects the impact of the Hong Kong Government’s strong fiscal measures 
imposed through its First Registration Tax and Annual Vehicle License Fees initiated in March 
1974.  The further imposition of an Electronic Road Pricing and Area Licensing Scheme in 1983 
to 1985 may have also contributed to the decline in vehicle ownership values shown in Figure 6.3.  
The fiscal measures appear to be at least partly effective as a control restraint as the vehicle 
ownership change has not recovered to the 1970-1980 level in 1990-1995.  However, the major 
influences on Hong Kong’s increased private passenger VKT were its increase in population and 
decline in automobile occupancy, as shown in Figure 6.3.  The growth in Hong Kong’s urbanised 
area has had a more obvious impact than in Singapore, though it is small relative to the other 
factors.  Hong Kong has grown on the basis of very high rise development, though it has opened 
up a lot of new land in the New Territories and other areas quite distant from Kowloon. 
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6.4.3  Case study of two European cities 
Overview of automobiles in European cities 
In many parts of Europe, automobile ownership has conferred on a large and increasing population 
a freedom to travel anywhere at any time and enabled jobs, shops and services to re-locate to the 
peripheral urban areas (OECD/ECMT, 1995).  In Europe, there was exceptional growth in 
automobile ownership and use in the period 1970 to 1990 (Kenworthy et al., 1999).  This appears 
to be a consequence of the growth of personal affluence and a catch-up in economic development 
in the post-Second World War period.  Personal transportation and travel has increased across 
Europe at a rate which, fifty years ago, would not have been thought possible and the 
infrastructure needs to accommodate this growth was not catered for in the same way everywhere.  
Importantly, in the European Union about three-quarters of the population now live in urban 
settlements and this suburbanisation places pressure on that population, their residential 
environments and traffic management (OECD/ECMT, 1995).  Traffic congestion, deteriorating 
urban air quality, and traffic noise have all contributed to the degradation of European urban 
environments.  At the same time, public transport, walking and bicycling have been operating well 
below their potential and capacity and many authors point out how these need to be exploited more 
for the overall benefit of the community (Rathery, 1993; Topp, 1993; Cullinane, 2002). 
In many European cities the creation of new urban road networks and infrastructure has been met 
with increasing opposition from a population whose amenity and environment has been threatened 
from the impacts of increased automobile use.  Since the early 1980s, European politics has seen 
the emergence of Green Parties who now play prominent roles in many European Governments at 
the national and local level (Rathery, 1993; Pucher, 1997).  In many instances this changing 
balance of power in Europe’s political environment has been significant and runs parallel with a 
change in attitude to the implementation of traffic management measures to restrain urban 
automobile ownership and use (Pucher, 1997; Ahlstrand, 1998; Cervero, 1998).  While not as 
dramatic as the measures implemented in Singapore, in many European cities, parking 
management and automobile free-zones have been prominent measures implemented to restrain 
growing automobile use (Topp, 1993; Pucher and Lefèvre, 1996; Cervero, 1998; Fontana, 1999).  
The following case studies demonstrate examples of the impact on demand for urban automobile 
ownership and use of implementing these measures.   232 
Munich case study 
As in many German cities from the 1970s onwards, Munich (Landeshauptstadt München) has 
adopted a number of measures and policies that have shown a significant shift from 
accommodation to one of restriction and modification of automobile use (Pucher and Lefèvre, 
1996).  In the period 1960 to 1980 automobile ownership in Munich increased almost 3-times 
from 131 to 360 per 1,000 persons while automobile use increased slightly over 2-times from 
1,516 to 3,272 VKT per capita per annum (Kenworthy et al., 1999).  In that period these data were 
comparable with most European cities where increased automobile ownership and use have been 
attributed to growing personal affluence (Ingram and Lui, 1998; Dargay and Gately, 1999).  This 
rapid automobile growth placed significant pressure on local urban environments, especially in 
popular cities such as Munich.  Most European cities have precincts of historical significance and 
streetscapes that do not lend themselves well to the impact of modern motorised mobility, and 
Munich was especially vulnerable in this respect (Fontana, 1999). 
Since the first regional plan in 1962 and particularly from the mid-1980s, Munich’s urban planners 
have sought to revitalise the central city as a mixed land-use, living and working community.  
From these early times Munich's planning has been based around two key land-use prerequisites of 
rail transit, a large dominant central core and dense residential development along radial corridors.  
Integral to this overall urban planning concept was the need to restrain residents’ demand for 
automobile ownership.  The implementation of a number of automobile restraining measures 
commenced in early 1980s when traffic speed limits were reduced to 30km/h in all residential 
zones.  The narrowing of many streets, as well as other traffic calming measures were introduced, 
which were specifically aimed at reducing automobile use (Pucher and Lefèvre, 1996).  Central to 
Munich’s urban planning and automobile restraining measures was a strong commitment to an 
efficient and viable public transit network.  In the early 1970s rail services in Munich underwent 
considerable expansion, connecting its central urban core to its surrounding suburbs.  The 1972 
Olympic Games gave considerable impetus to the expansion of the U-Bahn (metro or 
underground) and S-Bahn (suburban) radial rail networks.  The expansion was linked to Munich’s 
bus and tram system as a feeder network that provided the city with an effective and integrated 
public transport system (Topp, 1993; Pucher, 1997; Cervero, 1998). 
During this period in most German cities there were noticeable trends away from private 
motorised travel to alternative modes brought about by very high fuel costs (caused by the 1973/4 
and 1979 oil crises) and increasing travel times caused by traffic congestion (Maddox, 2001). 
Taking advantage of these changes in travel behaviour, Munich’s planners implemented a series of   233 
“push” and “pull” strategies to discourage continued automobile dependence.  The “push” 
strategies embraced changes to the road space to provide bicycle lanes, broader footpaths, planting 
strips, priority bus and tram lanes, adjustment of traffic lights to control access in favour of public 
transport, and strict enforcement of curb-side parking and speed regulations.  These were also 
linked to increased automobile on-road taxes that included higher registration costs, increased 
gasoline tax and parking fees that were always higher than comparable public transport fares 
(Pucher, 1997; Cervero, 1998). 
Munich’s “pull” strategies included more convenient bus and tram stops, a completely integrated 
linkage between rail and bus services with synchronised time-tables and a very competitive fare 
structure.  Additional “pull” strategies were discount fares for multi-mode transit use, free park-
and-ride adjacent to some rail stations, improvement to the quality of all public transit services, 
separated bicycle lanes, quality pedestrian access to automobile-free zones and ‘residents only’ 
parking permits (Pucher, 1997; Cervero, 1998). 
In Munich, major restraint on automobile use occurred through strong urban parking policy that 
restricted and reduced the supply of on street parking, especially in central locations.  The 
continuous increase in the price for on-street parking spaces, coupled with an increase of 
automobile-free zones for pedestrian access, pushed many automobiles to the periphery of 
Munich’s urban area (Topp, 1993; Cervero, 1998).  In political terms, the German Green Party 
championed implementation of these strategies.  They aggressively supported all green modes of 
transportation, blocked further highway construction, limited automobile use in central urban areas 
and promoted public transit and non-automobile modes, and these restraint factors were backed by 
the population because of the impact of traffic congestion and poor urban air quality (Pucher, 
1997; Cervero, 1998). 
Munich has become a high technology centre and its strong commitment to high standards in 
urban development have delivered mixed land-use environments containing housing, offices and 
commercial facilities that offer a high quality of community life.  These well planned urban 
environments have been established in close proximity to public transit services that provide high 
quality rail, bus and tram services with synchronised timetables and integrated fare structures.  
These urban environments encourage safe walking and bicycling on a high quality infrastructure.  
Automobile ownership and automobile use have been discouraged through strong parking policy 
and efficient, high quality non-automobile alternatives.   234 
To highlight the relative role of the factors outlined in Equation 6.5, Figure 6.4 depicts for Munich 
the relative changes in each of these variables over decadal periods, as per the previous two case 
studies.  The data and the Equation 6.5 calculation are shown in Appendix 9. 
Figure 6.4 – Changes in the factors using Equation 6.5 for Munich 1960 to 1995 
 
Figure 6.4 shows how rising automobile ownership was the key driver of increased private motor 
urban mobility from 1960 to 1990.  From 1990 to 1995 there is strong evidence of Munich’s 
automobile restraint measures, evidenced in the reduced role of this factor in increasing vehicle 
kilometres of travel (VKT).  Whilst automobile occupancy appears to have been basically constant 
from 1960 to 1980, it fell in 1990 and again in 1995, resulting in large increases in the importance 
of this factor in the increasing private passenger VKT.  The role of population growth in 
increasing mobility in Munich has not been strong.  This is because population growth has been 
quite small in the City of Munich over the 35-year period.  It increased somewhat between 1960 
and 1970 but due to growing suburbanisation in surrounding areas, it fell from 1970 to 1980 and 
fell again from 1980 to 1990.  Only when reurbanisation trends started to take effect did 
population growth grow again from 1990 to 1995, when the City’s population rose to a figure a 
little higher than the 1970 figure. 
The other noticeable feature of Figure 6.4, is the very small role of urban sprawl in contributing to 
Munich’s increase in private mobility.  Although the population has been reasonably stable, 
household occupancy has been falling as in other cities, which means more dwellings still have to 
be constructed.  In the City of Munich this has been achieved through higher density re-
development with only minimal growth in urbanised land area between 1960 and 1995 (29% 
increase or just over 5,000ha). 
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Finally, public transport has improved significantly in Munich, especially from 1970 to 1990 when 
public transport passenger kilometres rose 310% (Kenworthy et al., 1999).  It rose again from 
1990 to 1995 (Kenworthy and Laube, 2001).  This has helped to suppress growth in automobile 
ownership and use to lower levels.  For example, while automobile ownership rose 360% from 
1960 to 1990, automobile use rose only by 280%. 
Munich overall demonstrates not only the effectiveness of policies and strategies to restrain 
automobile use in the face of rising affluence and ownership, but also the need to do so.  Without 
them Munich’s automobile use in the 1990s would almost certainly have been significantly higher 
with a range of negative environmental consequences. 
Stockholm case study 
Unlike Singapore and Hong Kong, the spatial development and urban form of Stockholm (County 
of Stockholm) has not been constrained by its topography, although rivers, lakes and inlets make 
normal daily travel difficult and fragment the land suitable and available for urban development 
(Pharoah and Apel, 1995).  Stockholm’s growth pattern in automobile ownership and use through 
1960 to 1980 was similar to most European cities.  Stockholm’s residents increased their 
automobile ownership and use by about 2.5-times during that period from 143 to 346 automobiles 
per 1,000 persons and from 1,802 to 4,561 VKT per capita (Kenworthy et al., 1999).  Scandinavia 
is admired for its excellence in design and advancements in many fields of planning and 
engineering and it has been suggested that Stockholm is arguably the best example anywhere of 
the coordinated planning of rail transit and urban development (Cervero, 1995; 1995a; 1998).  
From early planning, commencing in the 1940s and continuing today, Stockholm’s urban 
development is in a star configuration, from a dense residential central core along and around its 
suburban rail (tunnelbana) and former tram networks (Cervero, 1995; 1995a; 1998).  Urban 
development is centred in close proximity to rail stations in satellite towns that combine 
community amenities such as shopping and commercial sites with high-density housing, providing 
residents with very convenient access to all facilities on footpaths and cycle-ways that are fully 
segregated from the traffic flows (Pharoah and Apel, 1995; Cervero, 1998).  Access to more 
distant facilities can be achieved via the rail system.  This continuing planning concept of 
integrated rail and urban settlement patterns is designed to minimise individual motorised travel 
demand. 
“Trafiplan 1977” was established as a consequence of Stockholm’s rapid motorisation between 
1960 and 1980.  This increased travel demand delivered many negative environmental outcomes   236 
including increased traffic noise, significant urban air pollution, and loss of the natural landscape 
that is of particular importance to Stockholm’s residents.  A major thrust of “Trafiplan” was to 
discourage automobile demand and give greater emphasis to pedestrians, bicycles, and bus and rail 
users and to keep motorised traffic away from residential areas.  In 1980, the Stockholm City 
Council decided that motorised traffic in the inner city should be reduced initially by 20%.  This 
reduction in traffic would be accomplished by enacting strong automobile parking by-laws such 
that by the end of 1989 these metered parking space restrictions extended to the whole inner city 
and out to a radius of 2.5 kilometres from its major central core.  These strict parking by-laws were 
linked to a radiating scale of charges increasing rapidly as the central core was approached, and 
infringements incurred heavy penalties (Pharoah and Apel, 1995). 
Stockholm’s economic expansion between 1970 and 1990 has followed Sweden’s national GDP 
per capita growth ($US4,140 to $US27,700) over that period which gave impetus to increased 
private motorised transport that was recognised as a major contributor to the continuing 
deterioration of Stockholm’s natural environment.  The 20% reduction in Stockholm’s inner city 
automobile traffic, as proposed by “Trafiplan 1977”, failed to materialise as several factors worked 
against the parking restraint policy, including a decline in fuel price and increased automobile 
ownership.  For example, automobile ownership was 275 automobiles per 1,000 persons in 1970 
and rose to 409 automobiles per 1,000 persons in 1990, a growth rate of 1.6% per annum in that 
period (Kenworthy et al., 1999; IMF, 2002). 
As a consequence of these issues, “Trafiplan 1989” was proposed to at least stabilise, but 
hopefully reduce the growing pressure from automobile ownership, and to foster and improve 
accessibility to public transport.  A major initiative of this new traffic management plan was a 
reduction in the peak-hour traffic volume in the inner city cordon of at least 30% based on 
Stockholm’s 1987 data.  This initiative was to be achieved through additional infrastructure 
development and further fiscal measures above the existing automobile parking restrictions.  Many 
groups representing citizens, local councils, public transport operators and chambers of commerce 
openly debated a road pricing tax (license) to enter the city and additional automobile fuel taxes.  
However, despite these new initiatives and broad consultation and debates engaging many 
interested groups none of these “Trafikplan 1989” initiatives were eventually adopted. 
After a further two years of protracted and prolonged political negotiations between Stockholm 
Council representatives and representatives from Sweden’s political parties the 1992 Dennis 
Agreement, a ‘solve-it-all’, transport management package for Stockholm was enacted in 
September 1992.  The Dennis Agreement consisted of three parts: a big road construction   237 
program, a road toll system to finance road investments and improvement to and extension of the 
existing public transport infrastructure and network (Pharoah and Apel, 1995; Ahlstrand, 1998).  
In brief, the Dennis Agreement projected considerable promise for its projects that included new 
inner and outer ring roads around Stockholm; increased park-and-ride facilities, street 
infrastructure improvements, and extension to and upgrades of the city’s rail capacity and network 
and the street-car system.  However, from the outset the Dennis Agreement was the result of 
considerable compromise amongst many political parties who had strong views, for example, the 
Liberal and Social Democratic parties did not want to build the ring roads, and the Conservatives 
were against the road tolls.  This made it difficult to make any changes to the Agreement 
(Ahlstrand, 1998).  Its inflexibility brought on savage criticism that could not be answered as its 
initial political enthusiasm diminished (Ahlstrand, 1998).  It collapsed in 1997 and very few 
mourned its demise. 
Stockholm’s Council continues its strong commitment to urban planning and development centred 
on and around its radial rail network and strict enforcement of its parking by-laws have combined 
to stabilise and then reduce demand for automobiles.  An example of this commitment was the 
establishment of an Environmental Zone in 1996 located in the city centre of Stockholm, where 
about 25,000 people live, amidst 280,000 workplaces, a large number of historical buildings, a 
national park and fishable waterways.  As with many capital cities, it is also heavily visited by 
tourists.  This Environmental Zone was another transportation restriction tool applied specifically 
to diesel-fuelled trucks and buses over 3.5 tons in weight.  In 1992, the Swedish government 
decided to allow municipalities to forbid certain heavy road traffic in urban areas as a way to 
ameliorate air pollution in sensitive environs.  Sensitive environments were specifically defined as 
urban areas having large amounts of housing, many pathways for pedestrians and cyclists, 
important and sensitive buildings and monuments, parks and green spaces that are sensitive to 
pollutants, and areas with existing high exposure to pollutant emissions and noise (Rapaport, 
2002). 
Within the context of this historical background, the relative role of the factors outlined in 
Equation 6.5, are provided for Stockholm in Figure 6.5.  The data and the Equation 6.5 calculation 
are shown in Appendix 9. 
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Figure 6.5 – Changes in the factors using Equation 6.5 for Stockholm 1960 to 1995 
 
The most outstanding aspect of Figure 6.5 is the fact that urban sprawl in Stockholm has been 
virtually non-existent throughout the 1960 to 1995 period.  Urbanised land area has remained 
reasonably stable and, coupled with slight increase in population, these factors have not played a 
significant part in the growth of private automobile VKT.  Automobile ownership per 1,000 
persons grew as in other European cities from 1960 to 1990, however it is one of the few cities that 
registered a significant decline in ownership from 1990 to 1995 (Kenworthy et al., 1999; 
Kenworthy and Laube, 2001). 
The major driver of the growth in private automobile VKT in Stockholm has, according to the 
model, been growth in ownership, with only a minor contribution from population growth.   
Overall, Stockholm demonstrates the powerful forces of growing affluence and rising automobile 
ownership in influencing private motorised mobility and the need to respond to these forces 
through planning and transport policies.  It demonstrates the importance of containing urban 
sprawl, which is not a strong feature in Stockholm’s growth in private motorised mobility (Figure 
6.5).  Stockholm’s reasonably stable urbanised land area between 1960 and 1995, compared to an 
average increase of 44% for all the European cities in the study of Kenworthy et al. (1999), the 
next lowest being Brussels at 26%.  Importantly, urban density (persons per square kilometre) 
increased in Stockholm between 1980 and 1990.  At the same time automobile use per capita 
declined marginally (4,561 to 4,434 automobile kilometres per capita) while public transport use 
per capita rose (2,124 to 2,351 passenger kilometres per capita) between 1980 and 1990 
(Kenworthy et al., 1999).  This decrease in automobile use per capita was unique in the sample of 
world cities and suggests that preventing urban sprawl has been able to negate the effect of rising 
automobile ownership and other factors that would tend towards greater automobile use. 
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Thus, despite growing automobile ownership and use over the 30 years from 1960 to 1990, 
automobile use in Stockholm in 1990 remained about average for a western European city (4,638 
automobile kilometres per capita compared to 4,519), while cities in the USA and Australia had 
grown respectively to 11,155 and 6,571 automobile kilometres per capita.  Had Stockholm been 
unable to enact the planning policies it did, its automobile VKT change would have undoubtedly 
been much higher. 
6.4.4  Case studies of American and Australian cities 
Overview of automobiles in American and Australian cities 
The automobile dominates American and Australian culture like no other man-made object.  The 
automobile has shaped the suburban landscape of both countries and dominates urban mobility and 
lifestyles (Pucher and Lefèvre, 1996; Newman and Kenworthy, 1999).  In many respects, other 
personal transportation modes have become almost irrelevant to a significant proportion of the 
population. 
Thomson (1977) and Newman and Kenworthy (1999) use the term ‘Full Motorisation’ and ‘Auto 
City’ respectively to describe American and Australian cities that have evolved during the 
automobile era of the last five decades.  Table 6.2 shows some salient data from 1995 that signify 
the urban form and transport characteristics of a selection of American and Australian cities.   
These data are contrasted with similar data from cities in Europe and Asia (Kenworthy and Laube, 
2001). 
Table 6.2 – Transport and urban form characteristics for American and Australian cities contrasted with European and 
Asian cities (averages, 1995) 
Urban area  Population 
density 
Automobile 
ownership 
Automobile use  Region 
Sq km  Persons/sq km  Cars/1,000 
persons 
Annual car VKT/capita 
America 3,836.2  1,451.5  587.1  12,847 
Australia 1,741.1  1,327.5  590.9  7,652 
Europe 397.5  5,533.1  401.4  4,492 
Asia 788.9  16,781.8  172.8  2,179 
Notes: VKT – automobile kilometres of travel; United States – 10 cities; Australia – 4 cities; Europe – 31 cities in 
Western Europe; Asia – 11 cities from Japan, Hong Kong, Singapore, Taiwan, Thailand, Indonesia, Malaysia, 
Philippines, Vietnam. 
Source: Kenworthy and Laube (2001). 
It is clear that all cities are not the same and there are significant differences in automobile 
dependence from one city to the next, however, these regional averages do indicate the large 
separation that exists between American/Australian cities and European/Asian cities in their   240 
degree of automobile dependence.  Two typical ‘urban sprawl’ cities and one older city from 
amongst the American and Australian cities were selected as case studies not only for their 
similarities, but also their differences in automobile dependence and use of other transportation 
modes.  America’s Phoenix and Australia’s Perth are typical of the ‘Auto City’ era and exhibit 
strong characteristics of very low urban density, high automobile ownership and low transit use.  
New York, on the other hand is an ‘old’ East Coast American City which shows, amongst its 
American contemporaries, a lower than average automobile dependence, higher than average 
urban density and comparatively high transit patronage (see Table 6.1).  In contrast to Hong Kong, 
Singapore, Munich and Stockholm, there has been little in the way of automobile restraint 
measures in any of these “Full Motorisation” or “Auto Cities”. 
New York case study 
Figure 6.6 depicts for New York the relative changes in each of the variables in Equation 6.5 over 
decadal periods, normalised by the term on the left hand side of Equation 6.5.  Relevant data and 
calculations are shown in Appendix 9. 
Figure 6.6 - The change in the measures using Equation 6.5 for New York 1960 to 1995 
 
Although a central part of American culture, New York (Tri-State Metropolitan Planning Region) 
has a history that predates the automobile, and hence the changes in its VKT  are more 
representative of Europe than America.  Its automobile use per capita in 1990 of 8,317 kilometres 
per annum is also by far the lowest of the USA cities (average 11,155) and its public transport use 
of 1,334 passenger kilometres per capita was, in 1990, 280% of the USA city average (Kenworthy 
et al., 1999).  Like many European cities, growth in VKT has occurred as a direct consequence of 
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increased vehicle ownership (Figure 6.6), while urban sprawl and other factors do not feature 
strongly in the changes in automobile VKT.  The New York region’s urban area increased 57% 
between 1960 and 1990, compared to an average 118% in the other 12 USA cities in the study of 
Kenworthy et al. (1999).  This compares to an average increase of 44% in urbanised land area of 
European cities. 
More recently, New York has experienced a strong renaissance in public transport during the 
decade of the 1990’s (Pucher, 2002).  Rather than major automobile demand restraint measures, 
New York’s boom in public transport was partly due to the city’s positive economic climate and 
rapid employment growth.  In the 1990’s decade, New York’s public transport system has also 
been partly revitalised with new buses and trains and renovated rail stations, thus improving 
passenger facilities and amenity (Pucher, 2002). 
Phoenix and Perth case studies 
Typical examples of urban sprawl cities of the Auto City era are Phoenix  (Maricopa County) and 
Perth (Perth Statistical Division), where little restraint has been placed on residents’ automobile 
demand. In both cases, the increase in VKT is a combination of population, urban sprawl, greater 
vehicle ownership and decreasing vehicle occupancy.  Without any clear policies or restraints, all 
factors have contributed to the increased VKT (Figures 6.7 and 6.8).  This is very different to the 
situation in the Asian and European cities where a range of policies have strongly influenced some 
of the key factors outlined by Equation 6.5. 
Figure 6.7 depicts for Phoenix the relative changes in each of the variables in Equation 6.5 over 
decadal periods, with relevant data and calculations shown in Appendix 9. 
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Figure 6.7 - Change in the factors using Equation 6.5 for Phoenix 1960 to 1995 
 
Phoenix in 1990 had the equal lowest use of public transport of all cities in the study (15 trips per 
capita per annum, together with Sacramento) and the lowest public transport service provision of 
any city in the study (10 vehicle kilometres per person, the next lowest being Houston with 17) 
(Kenworthy et al., 1999).  Between 1960 and 1990, it also led the USA cities in the factors that 
promote greater private motorised mobility according to the model.  Phoenix’s urban area 
increased by 198%, while the other 12 USA urban areas increased by an average  of 106%. 
Phoenix’s automobile occupancy declined by 13.3% (average for other USA cities, -5.7%), its 
population increased 220% (average for other USA cities 62%) and the number of cars increased 
by a massive 460%, while the other USA cities increased by 158%.  In summary, there was no 
resistance on any policy dimension over this thirty year period, to increasing private motorised 
mobility in Phoenix (Figure 6.7). 
Figure 6.8 depicts similar changes in each of the variables in Equation 6.5 for Perth and the 
relevant data and calculations shown in Appendix 9. 
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Figure 6.8 – Changes in the factors using Equation 6.5 for Perth 1960 to 1995 
 
There are remarkable similarities with Perth to those discussed for Phoenix.  In 1990 Perth had the 
equal lowest public transport service provision in the Australian cities and the lowest public 
transport use within this group of cities.  Between 1961 and 1991 Perth’s population grew 140%, 
its urban area increased 252%, its cars increased 426% and its automobile occupancy declined 
13.2% (Figure 6.8).  Whilst Perth has been doing more for public transport development than 
Phoenix, especially with the development and extension of an electric suburban rail system, by 
1990 this had been insufficient to prevent what is continued steady growth in per capita 
automobile use (about an extra 2000 car kilometres per person between 1961 and 1971 and an 
extra 1000 in each of the two decades between 1971 and 1991).  Perth’s electrified rail system 
only opened in 1988 and a new 30km line was initiated in 1993, so that possible changes in car use 
arising from these improvements will not become fully evident until the 2001 decadal analysis. 
The design of Perth’s suburbs impedes its ability to implement strong automobile restraint 
policies.  Conventional suburban subdivision and development practices in Perth are however 
increasingly being questioned.  These include enforced segregation of land-uses through local 
zoning, low residential density, lack of local employment and long commute distances, lack of 
local services, disconnected street systems, limited public transport services and poor walking and 
other non-automobile infrastructure (Jones, 2001).  Such changes should also begin to be evident 
in future trends in private VKT levels in Perth. 
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6.5  Automobile restraint policy implications 
Lave (1992) describes automobile dependence as an “irresistible force” that is essentially 
unstoppable anywhere in the world where affluence is increasing.  One of the arguments here is 
that as incomes rise the value placed on time increases and this shifts transport demand from 
slower, cheaper modes of transportation to speedier more expensive modes, which means, in most 
urban transport situations, the automobile.  In a similar vein, other authors imply that the growing 
ownership and use of automobiles essentially reflect the idea that automobiles are a superior 
consumer good, while public transport is an inferior consumer good and, as affluence grows and 
automobile affordability improves, cities will inevitably become more automobile dependent 
(Gordon and Richardson, 1989; Gomez-Ibañez, 1991; Kirwan, 1992). 
Lave (1985) captures the essence of these arguments in the following statement: 
“The villain responsible for the long-term decline in transit patronage is easy to 
identify: the increase in per capita income.  Higher incomes gave people more 
freedom of choice and greater ability to do the things they wanted to do.   
Unfortunately, the things they chose were inimical to mass transit.  Higher incomes 
permitted people to implement their strong desire to get out of cities and live in 
single-family, detached homes, resulting in the suburbanisation of America.  Higher 
incomes permitted people to implement their taste for higher quality transportation 
and buy automobiles.” (Lave, 1985:3). 
The evidence in this thesis suggests that such arguments about the inevitable growth in urban 
sprawl and motorisation are overly deterministic and that urban systems are responsive to land-use 
and transport policies and other strategies that can reduce the growth in automobile dependence.  
Singapore’s economic constraints on automobile ownership and use in parallel with significant 
investments in public transport, especially a mass rapid transit (MRT) system, and the strong 
integration of urban development around stations on the MRT system, have shown how 
motorisation can be curbed in the context of rapidly rising incomes (Kenworthy et al., 1995). 
As shown in Table 6.2, Singapore, with a GDP per capita of $US 28,578 in 1995 had only 116 
automobiles per 1,000 persons and automobile use of 3,570 passenger kilometres per capita. Perth, 
with 658 automobiles per 1,000 persons and 13,546 automobile passenger kilometres per capita 
had a GDP per capita of $US 21,995.  Hong Kong too has benefited from similar economic 
restraints on automobile ownership and use and highly effective integration of urban development 
around an expanding mass transit railway, contributing to very low automobile ownership and use 
(46 automobiles per 1,000 persons and 930 car passenger kilometres per capita in 1995, with a 
GDP per capita of some $US 22,969).   245 
Certainly, the much higher urban population density of Singapore and Hong Kong assists 
significantly in explaining the absolute magnitude of differences in automobile ownership and use 
compared to a low density city like Perth (Table 6.2).  However, this does not detract from the 
effectiveness of policies in keeping automobile ownership and use in check within these Asian 
cities.  Bangkok’s traffic chaos is an object lesson for Asian cities in the consequences of failing to 
implement policies to restrain motorisation (Kenworthy, 1995; Poboon and Kenworthy, 1995).  
Likewise, the cases of Perth and Phoenix, that have had limited if any significant physical 
planning, transport or economic policy interventions to manage growth in demand for private 
transport, show the extent to which automobile dependence can grow largely unabated.  In 
physical planning terms, Munich and Stockholm both demonstrate how integrated land-use and 
transport planning, especially transit-orientated nodal development around rail stations, traffic 
calming measures, parking restrictions and widespread urban redevelopment to restrict the growth 
in urban land area, can reduce the growth in private motorised mobility (see Lyons et al., 2003 for 
a discussion of the significance of restricting the growth in urban land area).  Stockholm, in 
particular, suggests the positive transport benefits of restraining the growth in urbanised land area.  
Finally, the perspectives on the effectiveness of urban policy interventions to moderate 
motorisation are not limited to the cities discussed here.  They are repeated in many cities around 
the world.  For example, Pucher and Clorer (1992) describe for Freiburg, Germany, the combined 
and coordinated effects of constraints on urban sprawl through high density mixed use 
development around an LRT system, investments in upgrading the public transport system and 
strong pro-pedestrian and pro-bicycle policies that have created excellent environments for 
walking and cycling.  Between 1976 and 1991, total daily trips rose by 30.4%, but automobile 
trips rose by only 1.3% and the automobile’s modal share dropped from 60% of non-pedestrian 
trips to 47%.  This occurred in the context of quite rapidly rising automobile ownership (422 
automobiles per 1,000 persons in 1990).  Further case studies demonstrating how motorisation can 
be reduced through a variety of urban policies can be found in Newman and Kenworthy (1999) for 
cities such as Curitiba (Brazil), Zurich, Copenhagen, Toronto and Vancouver. 
In summary the increase in private motorised urban mobility between 1960 and 1995 has been a 
direct result of increased personal affluence and the consequent greater ownership of private 
passenger vehicles.  Such increased vehicle ownership does not automatically flow to an increase 
in private automobile VKT, and a number of cities in Europe and Asia have shown that clear 
policy initiatives can restrain the growth of private motorised urban mobility.  Despite the urban 
sprawl apparent in American, Canadian and Australian cities, this has not been as significant a 
contributor to growth in VKT as population increase and greater affluence, although there was a   246 
more even contribution between the various factors in these cities.  However, in other cities such 
as Stockholm, the control of urban sprawl such that urban population densities have increased, 
appears to have been pivotal in reducing the growth in automobile use, despite strong growth in 
affluence and automobile ownership.  Overall this highlights the fact that if cities are to minimise 
growth in automobile use, then they cannot afford to overlook any of the key underlying drivers of 
private motorised urban mobility in their transport policy, strategy and management initiatives. 
Although the model Equation 4.11 predicts private motorised urban mobility, a full description of 
urban mobility requires an understanding of mobility by public transport as well.  Some of the case 
studies (Munich, Singapore, Stockholm and Hong Kong) have suggested the importance of 
developments in public transport working hand-in-hand with other urban policies to minimise and 
restrain private motorised urban mobility.  Likewise, the absence of better public transport in other 
case studies was seen to be associated with less abated growth in automobile dependence (Perth, 
Phoenix). 
This application of the model Equation 4.11 illustrates the consequences on private motorised 
urban mobility of a number of key policy initiatives. However, the full story clearly also requires 
the modelling of urban mobility incorporating both public transport and private motorised urban 
mobility, as well as non-motorised mobility.  The research carried out in Chapters 4 and 5 goes 
some way towards the modelling of total urban mobility.  Due to a range of data limitations this is 
not pursued further in this thesis.  However, the work carried out so far provides a sound basis for 
further research to refine the modelling achieved to data in private and non-motorised urban 
mobility.  The next chapter extends the ability of the private motorised mobility model by 
exploring its application to urban air pollution. 
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CHAPTER SEVEN 
 
APPLICATION OF THE PRIVATE MOTORISED MOBILITY MODEL TO 
THE PREDICTION OF AUTOMOTIVE EXHAUST EMSSIONS 
 
7.1  Introduction 
Chapter 6 has demonstrated the utility of the private motorised mobility model in understanding 
the trends in automobile travel over a number of decades in the past.  This chapter will explore the 
utility of the model in predicting future trends in automobile travel, with a view to increasing 
capabilities in the area of modelling urban air pollution from the transport sector’s exhaust 
emissions.  The final outcome of this application of the model is the capacity to produce 
inventories of urban air pollutants that have direct impacts on human health, linked as they are to 
increased mortality in cities and being the precursors of photochemical smog (WHO, 1987; 
Dockery et al., 1993; WHO, 2003). 
This chapter describes a procedure that is capable of estimating a mass inventory of urban air 
pollutants that emanate from the exhaust system of automobiles in both developed and developing 
cities.  This procedure has the capacity to help satisfy a major gap identified in the knowledge in 
this field by a recent United States Environmental Protection Agency report entitled Simplified 
Travel Demand Forecasting for Developing Countries.  It states 
“A travel demand sketch-planning tool applicable to developing countries would fill 
an extremely important niche, enabling planners and policy analysts to assess the 
potential mobility and air quality impacts of transportation investments as well as 
plan for future mobility needs.” (Cambridge Systematics, 2003:7-17). 
The research in this chapter is developed in three parts.  Firstly, there is an international review of 
regulatory standards for new vehicles that control automobile exhaust emissions for the primary 
pollutants carbon monoxide (CO), oxides of nitrogen (NOx) and hydrocarbons (HCs).  There has 
been, over many years, a tightening in these standards in many parts of the world as knowledge of 
the impact of emissions on human environmental health has grown from the 1970s to the present 
day.  Secondly, the chapter provides a broad overview of ‘‘in-use’’ exhaust emissions from 
automobiles in a number of urban air shed studies and their variability with road network speed   248 
(km/h) and fuel type (gasoline, diesel and LPG).  Finally, these ‘‘in-use’’ emission values will be 
used in combination with the private motorised mobility model, Equation 4.11 and its rearranged 
form (Equation 6.3) to determine an emissions inventory of these pollutants in five Australian 
cities for 2000, 2010 and 2020 (Sydney, Melbourne, Brisbane, Adelaide and Perth).  This 
application of the model will provide a robust first-stage emissions inventory of the primary 
pollutants from automobile exhausts for any urban environment in both developed and developing 
cities.  In this chapter, a first-stage emissions inventory is a rudimentary desktop procedure that is 
capable of quantifying the primary pollutants (tonnes per year) that emanate from the exhaust 
system of an automobile.  The values obtained by this procedure can serve as critical input data for 
air quality models used to predict the dispersion and transport of these pollutants in an urban air 
shed (USEAP, 2004).  In doing so, it goes some way towards satisfying the requirements outlined 
in the previously cited USEPA report by Cambridge Systematics (2003) for a model capable of 
assessing future mobility and air quality impacts. 
7.2  Impact of automobile exhaust emissions on urban environments 
The literature review in Chapter 2 describes a global movement of population to urban settlements 
and shows how accommodating this population shift into urban areas is placing continuous and 
mounting pressure on the urban environment, especially urban air sheds.  A major consequence of 
these changes is the deterioration of ambient urban air quality, which can be attributed mainly to 
growing private motor vehicle use and the consequential increase in vehicle exhaust emissions.  
Motorised vehicle use is now generally recognised as the major source of urban air pollution, 
exceeding that of any other single human activity (WHO, 1987; OECD, 1995; WHO, 2003).  The 
European Environment Agency’s 1999 report entitled Environment in the European Union at The 
Turn of the Century, comments that nearly 40 million people living in 115 of Europe’s large cities 
still experience exceedences of the World Health Organisation (WHO) air quality guidelines for at 
least one the above pollutants (EEA, 1999).  Naturally, vehicle exhaust emissions are strongly 
influenced by road traffic volume and vehicle kilometres of travel (VKT) and as such their urban 
concentration will obviously vary from city-to-city and from time-to-time (OECD, 1995; WHO, 
1999; European Commission, 2000a; Katuria, 2002; WHO, 2003). 
The United States Clean Air Act (1990) (Amendments) require States and Counties to implement 
policies and strategies that will achieve America’s National Ambient Air Quality Standards 
(NAAQS).  In short, if the NAAQS are not achieved, then States and Counties are in breach of the 
Act and are formally classified as Non-Attainment Areas or Regions for that pollutant.  In 1992, 
urban carbon monoxide levels exceeded the NAAQS in 20 American cities, home to more than 14   249 
million people (USEPA, 1993).  In 2002, the cities of Los Angeles and Phoenix were classified as 
Non-Attainment Areas (Serious) for carbon monoxide and particulates that were directly linked to 
automobile exhaust emissions (TRB, 2002; USEPA, 2002).  This is not surprising, since based on 
1995 automobile VKT these cities were recorded as being in the top five automobile dependent 
cities in the Millennium Cities Database for Sustainable Transport (Kenworthy and Laube, 2001). 
In OECD cities, automobile exhaust pollutants that cause the most concern are carbon monoxide, 
oxides of nitrogen, sulphur dioxide, volatile organic hydrocarbons and particulates and smoke.  In 
Australian and American cities, and a growing number of European cities, photochemical smog 
(ambient ozone or O3) is a major concern for environmental health professionals.  The chemical 
precursors of photochemical smog, oxides of nitrogen and hydrocarbons, mainly emanate from 
vehicle exhaust systems.  Ambient ozone is a major health risk to people with upper respiratory 
illnesses (ECMT, 1995; European Commission, 2000a, WHO, 2003).  Other environmental health 
information shows that exposure to increased levels of particulate matter (PM), for example, 
particles with aerodynamic diameters of ≤10 microns, is strongly associated with mortality and 
other outcomes such as hospitalisation for cardio-pulmonary disease (Dockery et al., 1993; 
Kathuria, 2002; WHO, 2003). 
The Norwegian Institute of Air Research records that automobile traffic is the most important 
source of air pollution in Norwegian cities and towns.  In Norway’s four largest cities, more than 
50% of their population live within areas where recommended Norwegian Air Quality Guidelines 
are at times exceeded (Norwegian Institute, 2003).  The Australian Department of Transport and 
Regional Services reports that automobile exhaust emissions were identified in Australian cities as 
the largest single contributor to carbon monoxide, oxides of nitrogen, hydrocarbons and 
particulates (DoTRS, 2002). 
As already discussed in this dissertation, in many developing cities, economic growth, rising 
personal affluence and sub-urbanisation are contributing to a rapid increase in automobile and 
motor cycle ownership and use.  Consequently, automobiles and motor cycles have emerged as a 
critical source of urban air pollution in much of the developing world.  For example, automobiles 
are the largest source of PM10 (particles with aerodynamic diameters of 10 microns) emissions in 
most Asian cities, and the incidence and ambient concentration of other transport-related 
pollutants, such as CO, NOx, SO2 and O3, in developing cities exceeds international and national 
norms.  Ambient air pollution is recognised by the WHO as a serious public health problem in 
cities such as Bangkok, Mexico City, and Cairo, the majority of cities in South-East Asia and 
particularly in China’s principal cities (Faiz and Sturm, 2000).   250 
The concentration of automobile exhaust emissions in air sheds will vary from region to region, 
city-to-city and from day-to-day.  This concentration is dependent on a matrix of automobile 
parameters such as age and maintenance of the vehicle fleet, vehicle usage especially cold starts, 
and trip distances of less than 5km, to mention but a few  (WHO, 1987; UNEP/GEMS, 1991; 
Dockery et al., 1993; ECMT, 1995; OECD, 1995).  Ambient air quality is also critically dependent 
upon factors such as climatic conditions and topography (WHO, 1987). 
7.3 Automobile  exhaust  emission control strategy standards 
This section provides an international perspective on regulatory automobile exhaust emissions 
standards for new automobiles.  The largely unabated growth in automobile ownership and use in 
many parts of the world has serious implications for both environmental regulatory authorities and 
automobile manufacturers.  On the one-hand, it sets the challenge of how cities prevent continued 
deterioration of, and achieve durable improvements in, ambient urban air quality, and on the other, 
how to provide the automobile market with vehicles with continuously improved exhaust emission 
control technology.  As discussed in Chapter 6, there is an obvious case for strong parallel 
strategies of fiscal instruments and automobile restraints, and alternative travel modes, to minimise 
or reverse the growth in private motorised mobility.  This is especially the case in the area of 
automotive emissions because the potential for continued long-term engineering advancements in 
emission control technology and fuel efficiency is limited (OECD, 1995; Australian Academy, 
1997; Concawe, 1999; ECMT, 2000). 
Automobile exhaust emission control has about a forty-year history.  The first legislation in the 
mid 1960s addressed emissions of visible smoke, then progressively carbon monoxide (CO), and 
later hydrocarbons (HC) and oxides of nitrogen (NOx).  In addition, more recently, limits on the 
emission of respirable particulate matter, PM10 fraction, from diesel-fuelled vehicles have been 
gradually tightened.  The need to control emissions of carcinogens like benzene and formaldehyde 
is coming under increasing pressure (Faiz et al., 1996). 
7.3.1  Emissions regulations in developed countries 
The continued tightening of regulatory standards for automobile exhaust emission values, for 
example, the Australian Design Rules (ADR) Emission Control for Light Vehicles (gasoline fuel), 
typifies a world-wide trend toward reducing allowable exhaust emission pollutants.  Table 7.1 
shows this tightening in standards from 1976 to the latest ADR values gazetted on 23
rd December 
1999.  All new model automobiles released to the Australian market have to comply with   251 
ADR79/00 from 1
st January 2003 and, in the case of a manufacturer with no new model, all their 
models on the market prior to 1
st January 2003 must comply from 1
st January 2004.  ADR79/01 is 
similarly for all new models from 1
st January 2005 and all automobiles from 1
st January 2006.  The 
automotive emission control technology fitted to vehicles complying with these standards at 
manufacture must be capable of maintaining the standard for 80,000 kilometres or 5 years. 
Table 7.1 – Australian Design Rules automobile exhaust emission standards 1976 to 2005 
Grams of pollutant per kilometre of travel  Implementation ADR 
Numbe
r 
Carbon monoxide (CO)  Oxides of nitrogen (NOx)  Hydrocarbons (HC) 
1
st July 1976 
 
1
st January 1982 
 
1
st January 1986 
 
1
st January 1997 
 
1
st January 2003 
 
1
st January 2005 
27A 
 
27C 
 
37 
 
37/01 
 
79/00 
 
79/01 
24.2 
 
22.0 
 
9.3 
 
2.10 
 
2.20 
 
2.30 
1.9 
 
1.73 
 
1.93 
 
0.63 
 
0.50 (NOx plus HC) 
 
0.15 
2.1 
 
1.91 
 
0.93 
 
0.26 
 
 
 
0.20 
Source: ADR 37/01, ADR 79/00 and ADR 79/01, Concawe (1997). 
For comparison, Table 7.2 shows the European automobile (passenger cars, gasoline) exhaust 
emission standards for 1970 to values established to operate from 2002.  A maintenance (ageing) 
value of 80,000 kilometres is applied to all ECE Directives. 
Table 7.2 – European exhaust emission regulatory changes, 1970 to 2002 
Grams of pollutant per kilometre of travel  ECE 
Directive 
 
 
Year  Hydrocarb
ons (HC) 
Oxides of 
nitrogen 
(NOx) 
HC+NOx Carbon  monoxide 
(CO) 
Particulate
s 
1. 
 
2. 
 
3. 
 
4. 
 
5. 
 
7. Euro I 
 
8.Euro II 
 
9. Euro III 
 
10. Euro 
IV 
1970 
 
1974 
 
1977 
 
1979 
 
1984 to 1986 
 
1992 to 1996 
 
1996 to 2000 
 
2000 to 2002 
 
2005 
2.0 to 3.2 
 
1.7 to 2.7 
 
1.7 to 2.7 
 
1.5 to 2.4 
 
NR 
 
NR 
 
NR 
 
0.20 
 
0.10 
NR 
 
NR 
 
2.5 to 4 
 
2.1 to 3.4 
 
NR 
 
NR 
 
NR 
 
0.15 
 
0.08 
NR 
 
NR 
 
NR 
 
NR 
 
4.7 to 6.9 
 
0.97 
 
0.50 
 
NR 
 
NR 
25 to 55 
 
20 to 44 
 
20 to 44 
 
16 to 36 
 
14 to 27 
 
2.72 
 
2.20 
 
2.30 
 
1.00 
NR 
 
NR 
 
NR 
 
NR 
 
NR 
 
0.14 
 
0.08 
 
0.05 
 
0.025   252 
Notes: NR is not regulated; ECE Directive Numbers. 1 - ECE15; 70/220/EEC; 2 - ECE15/01; 74/290; 3 - ECE15/02; 
77/102; 4 - ECE15/03; 78/665; 5 - ECE15/04; 83/351; 7 - ECE; 91/441; 8 94/12/EC; 9&10. 98/69/EC.  Directive 6 not 
implemented. 
Source: ADB (2003), Concawe (1997). 
For comparison with the Australian and European standards, Table 7.3 shows the United States 
National Automobile (light duty vehicle, gasoline fuel) Exhaust Emissions Standards from 1970 to 
the values proposed for 2004.  The State of California has been a leader in automobile emission 
control legislation and has generally adopted standards that are more stringent than the Federal 
Clean Air Act that applies in the rest of America.  This is a reflection of the State’s automobile 
dependence and renowned Los Angeles urban air pollution incidences, especially photochemical 
smog.  In Table 7.3 the Californian values are shown in parentheses.  The emission values should 
be capable of being maintained at the specified standard for 80,000 kilometres or 5 years. 
Table 7.3 – United States (Federal) and (Californian) exhaust emission changes 1970 to 2004 
Grams of pollutant per kilometre of travel   
Effective date  Carbon monoxide (CO)  Hydrocarbons (HC)  Oxides of nitrogen (NOx)  Particulates 
1970 
 
1975 
 
1980 
 
1990 
 
1993 
 
US Tier I 
1996 
 
1997 
 
US Tier II 
2004 
55 (55) 
 
24 (14) 
 
11 (14) 
 
5.4 
 
5.4 (5.4) 
 
 
5.4 
 
5.4 
 
 
2.7 
6.6 (6.6) 
 
2.4 (1.4) 
 
0.66 (0.62) 
 
0.66 
 
0.66 (0.40) 
 
 
0.40 
 
0.20 
 
 
0.20 
NR 
 
4.9 (3.2) 
 
3.2 (1.6) 
 
1.6 
 
1.6 (0.64) 
 
 
0.64 
 
0.32 
 
 
0.32 
NR 
 
NR 
 
NR 
 
0.32 (0.32) 
 
0.32 (0.32) 
 
 
0.10 
 
0.13 
 
 
0.12 
Note: NR is not regulated. 
Source: Concawe (1997). 
7.3.2  Emission regulation in a selection of developing countries India and 
Thailand 
The regulatory exhaust emission values for Australia, Europe and USA are contrasted with those 
of India and Thailand (gasoline fuel), as typical examples of developing countries, and the values 
are shown in Table 7.4 (ADB, 2003).  The regulatory concern about the rapid growth in Thailand’s 
automobile fleet is seen by the introduction of catalytic converters in 1993 and, in 1995, the 
adoption of standards the same as ECE Directive 91/441, or the 1992 to 1996 European standard 
(see Table 7.2).   253 
Table 7.4 - Automobile exhaust emission standards for gasoline fuelled vehicles in India and Thailand 
Grams of pollutant per kilometre of travel  Implementatio
n  Carbon monoxide 
(CO) 
Oxides of nitrogen (NOx) and 
HC 
Hydrocarbons (HC) 
India 
April - 1990 
 
April – 1996 
 
April – 2000 
 
Thailand 
1995 
 
14.3 to 27.1 
 
8.68 to12.40 
 
2.72 
 
 
2.72 
 
NR 
 
3.00 to 4.36 
 
0.97 
 
 
0.97 
 
2.0 to 2.9 
 
NR 
 
NR 
 
 
NR 
Note: NR is not regulated. 
Source: ADB (2003), Centre for Science and Environment (1996), Faiz (1996). 
Without a vigorous and well-organised enforcement program, the effectiveness of stringent vehicle 
exhaust emission standards will be greatly reduced.  Experience has demonstrated that good ‘‘in-
use’’ emission performance is chiefly dependent upon proper and regular vehicle maintenance and 
adjustment (ADB, 2003).  A periodic formal inspection and maintenance program, established in 
many cities, should identify those automobiles in need of remedial maintenance or adjustment and 
requiring their repair with formal verification.  These inspection and maintenance programs 
encourage automobile owners to keep their vehicles in a good state of operation and, in the long-
term, this ensures a more efficient operation and lower fuel consumption with a cost saving to the 
owners.  The quality of the automobile’s fuel is another critical link in the maintenance of urban 
air quality within recognised national ambient air quality standards.  Fuel quality standards for 
gasoline, diesel and liquefied gas (LPG) are widely invoked in both developed and developing 
cities (USOFR, 1994; OECD, 1995; Faiz et al., 1996; Concawe, 1999; ADB, 2003; DTRS&EA, 
2003). 
7.4  Automobile exhaust emissions ‘in-use’ automobile emissions values 
The total automobile fleet’s average ‘in-use’ exhaust emission values will vary considerably from 
the regulatory design standards and particularly from city to city.  This variation is also dependent 
upon a combination of other factors discussed in the preceding paragraphs, as well as different 
driving conditions or ‘driving cycles’ in different urban environments.  The following Tables and 
Figures provide some insight into these variations. 
7.4.1  Australian cities ‘in-use’ automobile exhaust emissions values 
A three-year study of Perth’s ambient urban air quality by the Western Australia Department of 
Environment Protection reports that the city’s total automobile fleet exhaust emissions were   254 
variable according to a series of drive-cycle scenarios.  Perth’s vehicle fleet comprises a typical 
mix for Australian cities of passenger cars (gasoline, diesel, LPG); panel vans and utilities 
(gasoline, diesel); light trucks (gasoline, diesel) and motorcycles.  The age of Perth’s vehicle fleet 
is such that its exhaust emission systems span several Australian Design Rule (ADR) Codes (see 
Table 7.1).  The ‘in-use’ exhaust emission values shown in Table 7.5 typically describe those of 
the total automobile fleet in Perth and, at the time of this study, these vehicles complied with ADR 
27 and ADR 37 (WADoT, 1995).  Table 7.5 shows a comparison from 1981 to 1998 between 
Perth and typical ‘in-use’ emission values from Sydney, Australia’s largest city with Australia’s 
largest single motor vehicle fleet (Hensher, 2001). 
Table 7.5 – Average values of ‘in-use’ automobile fleet exhaust emission values for Perth and Sydney 1981 to 1998 
Grams of pollutant emitted per kilometre of travel 
Carbon monoxide (CO)  Oxides of nitrogen 
(NOx) 
Hydrocarbons (HCs) 
Year 
Sydney Perth Sydney  Perth Sydney  Perth 
1981 
 
1986 
 
1991 
 
1996 
 
1998 
30.15 
 
 
 
16.69 
 
 
 
10.98 
 
 
24.55 
 
22.19 
 
19.17 
 
 
1.80 
 
 
 
1.21 
 
 
 
1.18 
 
 
2.33 
 
2.28 
 
2.29 
 
 
2.35 
 
 
 
1.19 
 
 
 
0.83 
 
 
2.36 
 
1.96 
 
1.55 
 
 
Source: Hensher (2001), Western Australian DoT (1995). 
It is clear from the above table that, while ‘in-use’ performance is clearly improving under tighter 
regulations, the actual performance of the total fleet falls way short of the regulatory standards for 
new vehicles (see Table 7.1).  As well, Table 7.5 shows noticeable differences between Sydney 
and Perth automobile exhaust emission values supporting previous comments about those factors 
that influence the automobile fleet’s emission values.  A possible reason is in the age of the fleet 
and its structure according to the percent of vehicles in each ADR grouping and the variation in 
drive-cycle for each city (Zachariadis et al., 2001).  Table 7.6 shows Sydney having a newer or a 
less polluting fleet in comparison with Perth, as shown by Sydney having a higher percent of 
automobile in the ADR37 grouping. 
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Table 7.6 – Australian city percent of total automobile fleet in various ADR groupings for 1997, 1999 and 2000. 
Australian cities - percent 
Sydney Melbourne  Brisbane 
ADR 
grouping 
‘97 ‘99 ‘00 ‘97 ‘99 ‘00 ‘97 ‘99 ‘00 
ADR27A 
ADR27C 
ADR37 
ADR37/01 
18.7 
18.1 
63.2 
13.5 
14.6 
71.9 
6.3 
12.0 
50.6 
31.0 
29.0 
19.3 
51.7 
20.8 
16.9 
62.2 
10.6 
15.9 
47.2 
26.3 
25.5 
19.0 
55.5 
18.2 
16.4 
65.4 
8.7 
15.9 
49.0 
26.5 
 Adelaide  Perth         
  ‘97 ‘99 ‘00 ‘97 ‘99 ‘00       
ADR27A 
ADR27C 
ADR37 
ADR37/01 
33.5 
20.3 
46.2 
24.7 
18.3 
57.0 
11.3 
19.0 
46.9 
22.8 
27.0 
18.4 
54.6 
19.4 
15.9 
64.7 
6.5 
15.6 
49.0 
29.0 
   
Source: ABS (1997, 1999 and 2001). 
7.4.2  United States of America cities ‘in-use’ automobile exhaust 
emissions values 
The United States Environmental Protection Agency (USEPA) has published a report entitled 
Compilation of Air Pollutant Emission Factors AP-42 that details the current American standards 
including ‘in-use’ automobile exhaust emissions data compiled from existing USEPA reports and 
databases (USEPA, 2000).  The AP-42 tables indicate additional exhaust emission factors when 
operating the automobile’s air-conditioning system.  Table 7.7 shows the typical American urban 
automobile’s ‘in-use’ emission factors of carbon monoxide, oxides of nitrogen and hydrocarbons 
for 1990, 1995 and 2000. 
Table 7.7 – America’s total automobile fleet ‘in-use’ exhaust emission factors 1990, 1995 and 2000 – with and without air 
conditioning operation. 
Grams of pollutant emitted per kilometre of travel 
Carbon monoxide  Oxides of nitrogen  Hydrocarbons 
Air conditioning load percent (0% is off; 100% is full on) 
0% 100% 0% 100% 0% 100% 
Calendar year 
 
 
 
 
1990 
 
1995 
 
2000 
 
27.09 
 
22.40 
 
20.81 
 
33.57 
 
25.57 
 
23.22 
 
1.88 
 
1.69 
 
1.46 
 
2.01 
 
1.90 
 
1.67 
 
2.25 
 
1.76 
 
1.56 
 
2.41 
 
1.79 
 
1.57 
Source: USEPA (2000). 
For American automobiles the ‘in-use’ performance is clearly improving under tighter regulatory 
standards, but the actual performance of the total fleet falls way short of new vehicle values shown 
in Table 7.3.   256 
7.4.3  European cities ‘in-use’ automobile exhaust emissions values 
The European automobile fleet ‘in-use’ emissions values were jointly established by members of 
the CORINAIR Working Group, taking into account the results of comprehensive studies carried 
out in France, Germany, Greece, Italy, the Netherlands and the United Kingdom.  In addition, 
some data measured in Austria, Sweden and Switzerland were incorporated (European 
Environment, 1996).  Average ‘in-use’ exhaust emissions data for gasoline fuelled automobiles 
submitted by different European countries to the CORINAIR90 study team are shown in Table 
7.8.  Table 7.9 shows comparable exhaust emission values using liquefied petroleum gas (LPG) 
and Euro city-diesel (European Environment, 1996). 
Table 7.8 - European automobiles ‘in-use’ exhaust emission values – gasoline fuel 
Grams of pollutant emitted per kilometre of travel  Emission 
technology  Carbon monoxide 
 
Oxides of nitrogen  Hydrocarbons 
 
Uncontrolled 
 
Non-catalyst 
 
Oxidation catalyst 
 
3-way catalyst 
 
50.2 
 
28.8 
 
7.53 
 
2.86 
 
1.89 
 
2.31 
 
1.35 
 
0.52 
 
5.13 
 
3.88 
 
0.97 
 
0.38 
 
Table 7.9 – European automobiles ‘in-use’ exhaust emission values – LPG and Euro city-diesel 
Grams of pollutant emitted per kilometre of travel  Fuel type 
Carbon monoxide 
 
Oxides of nitrogen  Hydrocarbons 
LPG 
 
Euro city-diesel 
7.17 
 
1.58 
2.16 
 
1.44 
1.51 
 
0.42 
Source: European Environment (1996). 
Again, the values for gasoline fuelled vehicles are considerably higher in all cases, compared to 
recent regulatory standards in Europe. 
7.4.4  Variation of ‘in-use’ automobile emission values (g/km) with road 
network speed (km/h) and fuel type 
Vehicle speed has a major influence on the exhaust emissions of all motorised vehicles (André and 
Hammarström, 2000).  Figure 7.1 provides a European example of the variation in the ‘in-use’ 
exhaust emission rates described as grams of pollutant per kilometre of travel (g/km) for carbon 
monoxide, oxides of nitrogen and hydrocarbons in a vehicle speed range from 5 to 130km/h.  The 
exhaust emission value is based on an automobile fleet with different engine capacities: 48% were   257 
less than 1.5Litre, 45% between 1.5Litre and 2.0Litre and 7% were greater than 2.0Litre.  The 
impact of the exhaust emission pollutants on ambient air quality in a city environment is seen at 
low and high road network speeds.  The shape of this graph has important implications when an 
urban environment is in a congested traffic flow mode.  Kenworthy et al. (1999) and Kenworthy 
and Laube (2001) provide an insight to this growing environmental concern by providing the 
average 24-hour/7-day road network speed (km/h) for their study’s broad range of international 
cities from 1960 to 1995.  From the 1995 data for 83 world cities, the minimum road network 
speed was 15km/h, the maximum value was 61km/h and the overall average was 38km/h, as 
shown in Figure 7.1.  The OECD notes that cities in its member states experience severe traffic 
congestion at an average road network speed of less than 27km/h for the total built-up 
metropolitan area and 16km/h in the central business district (OECD/ECMT, 1995). 
Figure 7.1 – Automobile exhaust emissions rate change with vehicle speed – gasoline fuelled automobiles 
 
Source: DETR (1995), Kenworthy and Laube (2001). 
In many European cities, especially in France, where automobile fuel is strongly supported by the 
government and domestic manufacturing industry, diesel fuelled automobiles hold a market share 
of more than 30%.  On the other hand, the current market share of diesel automobiles in American 
cities is almost zero.  Figure 7.2 shows the variation in pollutant emission rates from diesel-fuelled 
automobiles with average road network speed. 
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Figure 7.2 – Automobile exhaust emissions rate change with vehicle speed – diesel-fuelled automobiles 
 
Source: DETR (1995), Kenworthy and Laube (2001). 
In order to provide some insight into where cities around the world fit on the graphs shown in 
Figures 7.1 and 7.2, Table 7.10 shows the average 24-hour/7-day road network speed (km/h) for 
1960, 1970, 1980, 1990 and 1995 for a selection of world cities, as shown in Table 4.3 and Table 
4.14 (Kenworthy et al., 1999; Kenworthy and Laube, 2001). 
Table 7.10 – Average, minimum and maximum 24-hour/7-day road network speed (km/h) for a selection of international 
cities from 1960 to 1995 
Cities in Table 4.3  Cities in Table 4.14  Speed 
1960 1970 1980 1990 1995  1995 
Average 
 
Minimum 
 
Maximum 
40.6 
 
31.3 
 
49.9 
39.2 
 
22.7 
 
56.2 
38.7 
 
20.6 
 
51.8 
39.9 
 
13.1 
 
63.9 
38.4 
 
15.0 
 
60.8 
31.5 
 
16.6 
 
55.1 
Source: Kenworthy et al. (1999), Kenworthy and Laube (2001). 
It should be noted that the list of cities from which the averages are derived in Table 7.10 for each 
year are not the same. 
In summary, the estimation of a city’s automobile exhaust emissions and the extent of the impact 
on its urban air quality, should be considered on a city-by-city basis.  The preceding discussion 
does not claim to provide definitive values for automobile exhaust emissions in any particular 
situation, but describes a number of scenarios where the emission rates of pollutants from 
automobiles change quite markedly between international regulatory authorities.  Amongst the 
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factors that need consideration in establishing particular exhaust emission pollutant values (g/km) 
are the age mix of the automobile fleet, drive-cycle, fuel types and quality, average road network 
speed, load factors on the engine and fuel consumption level. 
7.5  Mass emissions inventory of primary automobile exhaust emissions 
This section develops a procedure to estimate a first-stage total mass emissions, or annual average 
tonnes per year, inventory from automobile exhaust emissions of carbon monoxide (CO), oxides 
of nitrogen (NOx) and hydrocarbons (HC) in the urban environments of both developed and 
developing cities.  Firstly, the procedure uses a mathematical re-arrangement of the private 
motorised mobility model Equation 6.3 to define the mass emissions of a primary pollutant.   
Secondly, using ‘in-use’ automobile exhaust emission values (g/km) with that equation, a mass 
emissions inventory of carbon monoxide (CO), oxides of nitrogen (NOx) and hydrocarbons (HC) 
is determined for a selection of world cities.  Thirdly, five Australian cities are used as a case study 
to demonstrate the capacity of the model equations in this thesis to predict a first-stage mass 
emissions inventory in 2000, 2010 and 2020. 
Emissions inventories can be valuable tools in providing a first-estimate of the contribution of the 
transport sector to a city’s overall ambient air pollution compared with other anthropogenic 
activity, or the contribution from alternative modes of transport.  Comprehensive emissions 
inventories are difficult to assemble and generally not available in developing cities (Reynolds and 
Broderick, 2000; Colville et al., 2001; Cambridge Systematics, 2003).  Even in developed cities, 
transport sector emissions data and inventories for the primary pollutants (carbon monoxide, 
oxides of nitrogen and hydrocarbons) are not undertaken on a regular basis and usually do not 
include Greenhouse Gases (CO2) or those pollutants designated as air toxics (benzene amongst 
others) (Colville et al., 2001).  Table 7.11 shows a typical percent contribution of the transport 
sector to the total primary pollutant load in a range of cities by regional location (Faiz, 1993, 
DTRS&EA, 2003). 
Table 7.11 – Contribution of the transport sector to the total urban air pollution load 
Transport sector emissions of pollutant as percent of total  Region of cities 
Carbon 
monoxide 
Oxides of nitrogen  Hydrocarbons  Particulates 
OECD member state 
Eastern Europe 
Asia 
Non – OECD 
Australian cities 
58 to 85 
60 
50 to 60 
 
80 
30 to 70 
 
 
30 to 70 
60 to 70 
30 to 70 
 
 
37 to 100 
40 
5 to 30 
 
5 to 35 
 
Source: DTRS&EA (2003), Faiz (1993). 
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7.5.1  Mass emissions inventory for automobile exhaust emissions in both 
developed and developing cities 
The mathematical re-arrangement of Equation 6.3 defines αk, the total annual average automobile 
vehicle kilometres of travel (VKT).  The estimated annual mass emissions value of an individual 
automobile exhaust pollutant (carbon monoxide, oxides of nitrogen, hydrocarbons and 
particulates) for any city is defined by Equation 7.1 
    Annual average tonnes of pollutant emitted = (αk AP) / 10
6 (7.1) 
where αk = [(115,552βp
0.74λa
0.26S) / αo] and AP is the value of an individual exhaust emission 
pollutant expressed in grams of pollutant per kilometre of travel (g/km). 
Table 7.12 and Table 7.13 show two different approaches for the determination of a first-stage 
automobile emissions inventory for a selection of international cities.  Firstly, the inventories in 
Table 7.12 are established using an average ‘in-use’ emission rate (g/km) from a city’s automobile 
fleet’s vehicle exhaust emissions testing program for each of the primary pollutants as described 
by Western Australian Department of Transport (1995), USEPA, (2000) and Hensher (2001).   
Secondly, the inventories shown in Table 7.14 were established from the average road network 
speed (km/h) for the cities and the equivalent emission rates for each primary pollutants taken 
from Figure 7.1 (DETR, 1995; Kenworthy and Laube, 2001).  The tables show a city’s inventory 
for carbon monoxide, oxides of nitrogen and hydrocarbons calculated by Equation 7.1 and the 
value of αk is modelled using Equation 6.3.  The data and calculations are shown in Appendix 10. 
Table 7.12 – Modelled first-stage emission inventory of the primary automobile exhaust pollutants for a selection of 
Australian and American cities using average emission rates from the city’s automobile fleet in tonnes per year 
Pollutant emitted g/km  Tonnes of pollutant/yr calculated by 
Equation 7.1 
City, year and reference 
CO  NOx  HC  CO NOx HC 
Perth 1996 (WADoT, 1995) 
 
Sydney 1998 (Hensher, 2001) 
 
Houston 1996 (USEPA, 2000) 
 
New York 1996 (USEPA, 2000) 
 
Los Angeles 1996 (USEPA, 2000) 
19.2 
 
10.9 
 
36.0 
 
36.0 
 
36.0 
2.3 
 
1.2 
 
2.7 
 
2.7 
 
2.7 
1.6 
 
0.8 
 
2.8 
 
2.8 
 
2.8 
2.13E5 
 
2.92E5 
 
8.43E5 
 
2.40E6 
 
1.33E6 
2.55E4 
 
3.14E4 
 
5.49E4 
 
1.56E5 
 
8.64E4 
1.73E4 
 
2.21E4 
 
6.25E4 
 
1.78E5 
 
9.83E4 
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Table 7.13 – Modelled first-stage emission inventory of the primary automobile exhaust pollutants for a selection of 
European and Asian cities using average speed of its automobile fleet in tonnes per year 
Pollutant emitted at road 
network speed 
g/km using Fig7.1 
Tonnes of pollutant/yr calculated using 
Equation 7.1 
City, average road 
network speed taken 
from Kenworthy and 
Laube, (2001)  CO  NOx  HC  CO NOx HC 
London - 29km/h 
 
Stockholm - 42km/h 
 
Bangkok - 15km/h 
 
Singapore - 35km/h 
21.7 
 
14.6 
 
30.0 
 
17.4 
1.5 
 
2.2 
 
2.2 
 
2.3 
2.6 
 
1.8 
 
3.8 
 
2.2 
6.27E5 
 
1.15E5 
 
3.49E5 
 
6.85E4 
4.39E4 
 
1.71E4 
 
2.53E4 
 
9.12E3 
7.49E4 
 
1.42E4 
 
4.45E4 
 
8.65E3 
Table 7.14 shows the primary pollutants from the previous two tables as kilograms of pollutant per 
capita. 
Table 7.14 – Modelled first-stage emission inventory of the primary automobile exhaust pollutants for a selection of 
European and Asian cities using average speed of its automobile fleet and automobile VKT/capita 
Kilograms of pollutant per capita using 
Equation 7.1 
City in 1995 
CO NOx HC 
Automobile VKT 
per capita modelled 
using Equation 6.3 
Perth 
Sydney 
Houston 
New York 
Los Angeles 
London 
Stockholm 
Bangkok 
Singapore 
171.5 
78.1 
215.0 
124.7 
146.1 
89.5 
66.4 
52.3 
22.9 
20.5 
8.4 
14.0 
8.1 
9.5 
6.3 
9.9 
3.8 
3.1 
13.9 
5.9 
16.0 
9.2 
10.8 
10.7 
8.2 
6.7 
2.9 
8,945 
7,112 
10,792 
6,258 
7,330 
4,125 
4,596 
1,742 
1,322 
Sources for Tables 7.12, 7.13 and 7.14: DETR (1995), Kenworthy and Laube (2001), USEPA (2000). 
In summary, generally it is the automobile dependent cities of Australia and America that 
dominate the mass inventories of automobile exhaust emission pollutants.  On the other hand, 
European cities show lower pollutants per capita, which may at least partially be attributed to their 
automobile restraint strategies and the extensive availability of non-automobile urban transport 
modes.  The Asian cities inventory shows the influence of the average road network speed and its 
association with urban air pollution.  Bangkok with an average road network speed of 15km/h in 
1995 with little, if any, automobile restraint strategies in place has higher per capita emissions 
compared to Singapore with its higher network speed and history of restraint strategies. 
7.6  A case study of five Australian cities first-stage inventory 
Five Australian capital cities, Sydney, Melbourne, Brisbane, Adelaide and Perth, are used as a case 
study to consider the broader implications of the two questions asked in Section 7.3.  Firstly, on 
the one-hand, it sets the challenge of how cities prevent continued deterioration of, and achieve 
durable improvements in, ambient urban air quality, and on the other, how to provide the   262 
automobile market with vehicles with continuously improved exhaust emission control 
technology. 
It is universally acknowledged that automobile exhaust emissions are the primary cause of the 
deterioration of the urban ambient air quality in cities (WHO, 1987; OECD, 1995; WHO, 1999; 
WHO, 2003).  The first-stage exhaust emission inventory described here gives urban planners and 
transport strategy decision-makers a robust and simple tool to focus direction on decisions 
required to prevent continued deterioration of urban air quality and to achieve durable 
improvements in this factor.  All the data and calculations for this section are shown in Appendix 
10. 
7.6.1  Determination of ‘in-use’ automobile exhaust emission rates (g/km) 
an Australian case study 
This section describes a methodology for predicting an automobile fleet’s exhaust emission rate 
(g/km) for carbon monoxide, oxides of nitrogen and hydrocarbons.  Firstly, Table 7.1 has shown 
the Australian Design Rules (ADR) standard exhaust emission values of these pollutants for ADR 
27A to ADR 79/01.  Importantly, Table 7.1 reflects the automotive engineering approach to 
improved urban air quality through the continued improvement in Australia’s automobile exhaust 
emission standards.  However, the emission standard shown for carbon monoxide, especially 
between 1997 and 2005, may suggest that this engineering approach may have reached an 
automotive engineering limit. 
In Australia, total automobile emission rates are available for Perth in 1996 and Sydney for 1981, 
1991 and 1998 and these were shown earlier in Table 7.5.  In this case study of five Australian 
cities, a methodology for the emissions rates of the primary pollutants for the total automobile 
fleets is described and predicted utilising information from OECD (1995); FORS (1996); AATSE 
(1997); ABS (1997 to 2002); DTRS (2001); BTRE (2002), Real (2003) and Rye (2003). 
Firstly, a percent frequency distribution was determined for the total automobile fleet (automobiles 
on the register) by the year of manufacture according to their assigned ADR year, as shown in 
Table 7.15.  The distribution values for 1997 to 2002 were taken from ABS (1997 to 2002) and for 
2010 distribution values were predicted using information from ABS (1997 to 2002), BTRE 
(2002) and Real (2003).  The 2020 distributions were assumed to develop by normal progression 
and scrappage rates without any new ADR standards being introduced, as the automotive   263 
engineering control of exhaust emissions had reached a limit (OECD, 1995; AATSE, 1997; 
Concawe, 1999; BTRE, 2002). 
Table 7.15 – Australian automobiles by ADR grouping - actual values for 1997 to 2002 and predicted values for 2010 and 
2020 
Percent of automobiles in indicated year  Year ADR  grouping 
1997 1998 1999 2000 2002 2010 2020 
1976 
1982 
1986 
1997 
2003 
2005 
ADR27A 
ADR27C 
ADR37 
ADR37/01 
ADR79/00 
ADR79/01 
26.7 
19.0 
49.7 
4.6 
23.1 
17.7 
47.7 
11.4 
19.3 
16.4 
46.7 
17.5 
8.7 
15.7 
48.5 
27.1 
3.6 
14.9 
46.8 
34.8 
0 
0 
19.5 
32.5 
28.5 
19.5 
0 
0 
10.5 
25.5 
36.5 
27.5 
Source: ABS (1997 to 2002), BTRE (2002), Real (2003). 
Secondly, using the percent distribution shown in Table 7.16, a weighted average ‘in-use’ 
emission rate (g/km) for each exhaust pollutant was calculated based on the scenarios shown in 
Table 6.17. 
Table 7.16 – Scenarios for ‘in-use’ exhaust emissions of the Australian national automobile fleet 
Adjustment to ADR standard exhaust emission value  ADR / 
Year  Scenario 1  Scenario 2  Scenario 3 
ADR27A 
ADR27C 
ADR37 
ADR37/01 
ADR79/00 
ADR79/01 
At std value 
At std value 
At std value 
At std value 
At std value 
At std value 
At 1.25 std value 
At 1.25 std value 
At 1.25 std value 
At std value 
At std value 
At std value 
At 1.5 std value 
At 1.5 std value 
At 1.5 std value 
At std value 
At 0.75 std value 
At 0.75 std value 
Source: After FORS (1996), AATSE (1997), BTRE (2002), Real (2003), Rye (2003). 
The three scenarios can be described as follows: 
Scenario 1 - maintain Adelaide, Brisbane, Melbourne, Perth and Sydney automobile fleet at an ‘in-
use’ exhaust emission rate equal to their respective ADR standard.  This scenario, while optimistic 
for ADR 27A, ADR27C and ADR37, is realistic for the emission rates of ADR37/01 and the 
future ADRs79/00 and 79/01. 
Scenario 2 – maintain Adelaide, Brisbane, Melbourne, Perth and Sydney automobile fleet with an 
‘in-use’ emission rate, based firstly on a report entitled Motor Vehicle Pollution in Australia, 
undertaken by the Federal Office of Road Safety (FORS, 1999).  The automobile fleet’s ‘in-use’ 
exhaust emission rate deteriorates over time due to engineering and maintenance factors as 
discussed by the AATSE (1997) report entitled Urban Air Pollution in Australia and recognised 
internationally by the European Conference of Ministers for Transport (ECMT, 2000).  The 
deterioration of a vehicle’s exhaust control system in this scenario was defined as follows: the 
deterioration emission rate (g/km) was equal to the ADR standard multiplied by a deterioration   264 
factor of 1.25 for all ADR27A, ADR27C and ADR37 automobiles (FORS, 1996; BTRE, 2002; 
Real, 2003 and Rye, 2003) and secondly, that the later ADR standards were maintained. 
Scenario 3 - firstly, the deterioration rate of Scenario 2 was increased to 1.5 so as to account for 
further aging for that portion of the fleet. Secondly, the Department of Transport and Regional 
Services (2001) Comparative Vehicles Emissions Study,  February 2001 reports on a limited 
emission testing program of automobiles that were either manufactured in Australia or imported 
and complied with ADR37/01.  These automobiles were essentially new, with odometer readings 
between 3,000 and 15,000km.  In this study, several imported test vehicles had advanced emission 
control technology, resulting in lower emissions values than the ADR37/01 standard, while other 
test vehicles either closely approached or were slightly over the ADR37/01 standard.  In Scenario 
3, this ‘improvement factor’ was defined as the emission rate (g/km) being equal to the ADR 
standard value multiplied by 0.75 for ADR79/00 and ADR79/01 automobiles (Real, 2003). 
Utilising results from Table 7.15 and scenarios in Table 7.16, the predicted Australian automobile 
fleet’s ‘in-use’ exhaust emission rates (g/km) for Scenarios 1, 2 and 3 for the decades 2000, 2010 
and 2020 are shown in Table 7.17. 
Table 7.17 – Australian cities predicted weighted average exhaust emission rates for 2000, 2010 and 2020 
Scenario 1 g/km  Scenario 2 g/km  Scenario 3 g/km  Exhaust pollutant 
2000 2010 2020 2000 2010 2020 2000 2010 2020 
Carbon monoxide 
Oxides of nitrogen 
Hydrocarbons 
10.63 
1.54 
1.01 
3.57 
0.68 
0.38 
2.95 
0.50 
0.31 
13.14 
1.89 
1.20 
4.03 
0.78 
0.42 
3.19 
0.55 
0.35 
12.81 
1.78 
1.19 
2.97 
0.59 
0.30 
2.21 
0.33 
0.23 
Source: After FORS (1996), AATSE (1997), BTRE (2002), Real (2003), Rye (2003). 
 
7.6.2  Determination of automobile ownership and use Australian case 
study cities 2000, 2010 and 2020 
This section predicts automobile ownership and use for the five Australian cities in the case study.  
The automobile data in the decades 1980 and 1990 were taken directly from Kenworthy et al. 
(1999), and for 2000 from ABS (2003) and ABS (2003a).  The 2010 and 2020 data were 
calculated from information contained in OECD (1995), Kenworthy et al. (1999), Kenworthy and 
Laube (2001), Department of Transport and Regional Services (2001), Australian Bureau of 
Statistics (1997, 1997 to 2002, 2003), Bureau of Transport and Regional Economics (2002), 
Cosgrove (2003) and Real (2003).  Table 7.18 shows the number of automobiles per 1,000 persons 
for Australia’s case study cities in the time-series 1980, 1990, 2000 and the predicted values for 
2010 and 2020.   265 
Table 7.18 – Australian cities automobiles per 1,000 persons for 1980, 1990, 2000, 2010 and 2020 
Automobiles/1,000 persons  City 
1980 1990 2000 2010 2020 
Sydney 
Melbourne 
Brisbane 
Adelaide 
Perth 
398.5 
445.8 
458.1 
475.3 
474.9 
448.5 
518.3 
463.0 
536.7 
522.9 
471.9 
572.3 
523.4 
588.9 
591.8 
523.8 
636.9 
582.5 
655.5 
658.7 
556.8 
677.0 
619.2 
696.8 
700.2 
Source: ABS (1997 to 2003a), BTRE (2002), Kenworthy et al. (1999). 
At the individual city level, as described in Chapter 2, automobile ownership was showing little 
signs of saturation prior to 2010.  For example, in the ten-year period from 1990 to 2000, Perth’s 
automobile ownership was at an annual growth rate of 1.23%, increasing for the next decade from 
2000 to 2010, to 1.19%, followed by a predicted decline in growth to 0.61% over the next decade.  
Australia’s other cities are showing similar ownership growth patterns to 2010 and suggesting 
signs of automobile saturation towards 2020.  Figure 7.3 shows automobile ownership per 1,000 
persons for Australia’s case study cities from 1980 to 2020. 
Figure 7.3 – Australian case study cities automobiles per 1,000 persons – 1980 to 2020 
 
Source: Modelled from data contained in ABS (1997, 1997 to 2002, 2003, 2003a), BTRE (2002), Cosgrove (2003), 
DTRS (2001), Kenworthy et al. (1999), Kenworthy and Laube (2001) and Real (2003). 
The saturation impact in automobile ownership predicted by the best information available in this 
thesis compares favourably with the saturation levels described in the vicinity of 2020 by 
Australia’s Bureau of Transport and Regional Economics (BTRE, 2002).  The BTRE report 
derives its estimate of saturation levels through consideration of the linkage between automobiles 
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per 1,000 persons and Gross Domestic Product per capita and results predicted by its CARMOD 
model (BTRE, 2002).  The Australian Academy of Technological Sciences and Engineering 
(AATSE, 1997) supports these comments, suggesting, while describing the impact of vehicle 
emissions on Australia’s ambient urban air environment, that saturation may be reached in the 
vicinity of 2020. 
The automobile kilometres of travel (VKT) for the case study cities are modelled using Equation 
6.3.  In Equation 6.2 and Equation 6.3, the following measures were predicted for the decades 
2000, 2010 and 2020: 
•  automobile occupancy, αo, was predicted from a linear regression of the data in Kenworthy et 
al. (1999) 
•  automobiles on register, αc, was taken from Table 7.18 
•  city population, βp, was taken from projections made by ABS (1997) 
•  metropolitan urban area, λa, was projected from Kenworthy et al. (1999) and particularly 
information made available from State Planning Agencies and Authorities in the case study 
cities (pers.comm. Department of Planning and Infrastructure, Western Australia, Departments 
of Planning for New South Wales, Queensland, South Australia and Victoria, 2003). 
Table 7.19 shows the annual average automobile VKT for 1980, 1990 and 2000 (Kenworthy et al., 
1999; ABS, 2003) and the predicted values for 2010 and 2020.  Figure 7.4 shows these data on a 
per capita basis. 
Table 7.19 – Australian cities automobile VKT for 1980, 1990, 2000, 2010 and 2020 
Automobile VKT  City 
1980 1990 2000 2010 2020 
Sydney 
Melbourne 
Brisbane 
Adelaide 
Perth 
1.6703E+10 
1.5199E+10 
6.0282E+9 
5.4357E+9 
5.6182E+9 
2.0831E+10 
1.9455E+10 
8.6255E+9 
6.8457E+9 
8.2305E+9 
2.4379E+10 
2.6909E+10 
1.1306E+10 
8.5070E+9 
1.0783E+10 
3.4905E+10 
3.4371E+10 
1.9824E+10 
1.0740E+10 
1.7251E+10 
4.7442E+10 
4.5476E+10 
2.6646E+10 
1.3066E+10 
2.3321E+10 
Source: Modelled from data contained in ABS (1997, 1997 to 2002, 2003, 2003a), BTRE (2002), Cosgrove (2003), 
DTRS (2001), Kenworthy et al. (1999), Kenworthy and Laube (2001) and Real (2003). 
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Figure 7.4 – Australian case study cities automobiles VKT/capita – 1980 to 2020 
 
Source: Modelled from data contained in ABS (1997, 1997 to 2002, 2003, 2003a), BTRE (2002), Cosgrove (2003), 
DTRS (2001), Kenworthy et al. (1999), Kenworthy and Laube (2001) and Real (2003). 
While automobile ownership shows signs of saturation after 2010, private automobile use is not 
showing a similar saturation tendency in Australia’s five capital cities.  This projection is of 
significant concern to the improvement of ambient air quality in Australian cities, especially since 
it undermines the gains in emission control technology outlined in previous sections. 
7.6.3  Determination of the first-stage mass inventory for automobile 
exhaust emission pollutants in Australian cities 
In this section a first-stage mass emission inventory for the primary automobile exhaust emission 
pollutants is predicted for Sydney, Melbourne, Brisbane, Adelaide and Perth for 2000, 2020 and 
2020.  The values are shown for Scenarios 1, 2 and 3 in Table 7.16 using Equation 7.1 and the 
predicted national weighted average exhaust emission rates (g/km) shown in Table 7.17 and the 
automobile VKT shown in Table 7.19. 
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Scenario 1: first-stage mass emission inventory for automobile exhaust emission pollutants in 
Australian cities 
Table 7.20 and Figure 7.5 show the first-stage inventory for Sydney, Melbourne, Brisbane, 
Adelaide and Perth for 2000, 2010 and 2020 under Scenario 1 conditions. 
Table 7.20 – Scenario 1 first-stage inventory of CO, NOx and HCs for Australian cities 2000, 2010 and 2020 
Annual average tonnes of primary pollutant  Year City 
Carbon monoxide  Oxides of nitrogen  Hydrocarbons 
2000 Sydney 
Melbourne 
Brisbane 
Adelaide 
Perth 
280,016 
308,031 
136,224 
96,174 
124,420 
40,654 
44,721 
19,777 
13,963 
18,064 
26,430 
29,074 
12,858 
9,078 
11,744 
2010 Sydney 
Melbourne 
Brisbane 
Adelaide 
Perth 
123,526 
133,892 
63,971 
39,569 
59,145 
23,574 
25,553 
12,208 
7,552 
11,288 
13,008 
14,100 
6,736 
4,167 
6,228 
2020 Sydney 
Melbourne 
Brisbane 
Adelaide 
Perth 
125,071 
130,711 
67,879 
37,000 
64,026 
21,038 
21,987 
11,418 
6,224 
10,770 
13,163 
13,756 
7,144 
3,894 
6,738 
Source: Modelled from data contained in ABS (1997, 1997 to 2002, 2003, 2003a), BTRE (2002), Cosgrove (2003), 
DTRS (2001), Kenworthy et al. (1999), Kenworthy and Laube (2001) and Real (2003). 
 
Figure 7.5 - Scenario 1 first-stage exhaust emission inventory Australian cities 2000, 2010 and 2020 
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Note: carbon monoxide values are divided by 10 for data presentation. 
Source: Modelled from data contained in ABS (1997, 1997 to 2002, 2003, 2003a), BTRE (2002), Cosgrove (2003), 
DTRS (2001), Kenworthy et al. (1999), Kenworthy and Laube (2001) and Real (2003). 
Scenario 1 shows the ability of automotive engineering technologies to reduce a city’s mass 
loading of exhaust pollutants between 2000 and 2010.  However, from 2010 to 2020 this continued 
reduction in the primary exhaust emission pollutants, even with further tightening in all exhaust 
emission standards, was reversed in six out of fifteen possible cases because of increased 
automobile use.  Under this scenario, policy development and forward thinking transport strategies 
to reduce automobile dependence are starting to emerge, as well as tentative answers to the two 
key questions posed earlier in this section.  This scenario raises questions about the ability of 
automotive engineering control technologies alone to continue to deliver reductions in total 
automotive emissions in the face of growing automobile use.  The precautionary principle 
indicates that this one dimensional approach alone will not succeed in improving or even 
maintaining the status quo in a city’s ambient air quality.  A twin approach would appear 
necessary to achieve this desired outcome that includes a combination of automobile restraint 
measures and technological advances, as previously discussed, and the expanded use of alternative 
non-automobile transport modes.  Such an approach appears to be essential in transport policy and 
strategy moving beyond 2010 in Australian cities.  However, for this to take effect by that time, 
action would need to commence now due to inherent lag times in any system. 
Scenario 2: first-stage mass emission inventory for automobile exhaust emission pollutants in 
Australian cities 
Table 7.21 and Figure 7.6 show the first-stage inventory for Sydney, Melbourne, Brisbane, 
Adelaide and Perth for 2000, 2010 and 2020 under Scenario 2 conditions.  As in the previous 
graph, the carbon monoxide values in Figure 7.6 were divided by 10 for presentation purposes. 
Table 7.21– Scenario 2 first-stage inventory of CO, NOx and HCs for Australian cities 2000, 2010 and 2020 
Annual average tonnes of primary pollutant  Year City 
Carbon monoxide  Oxides of nitrogen  Hydrocarbons 
2000 Sydney 
Melbourne 
Brisbane 
Adelaide 
Perth 
345,951 
380,563 
168,301 
118,820 
153,717 
49,661 
43,705 
22,024 
14,551 
18,683 
32,563 
35,821 
15,841 
11,184 
14,469 
2010 Sydney 
Melbourne 
Brisbane 
Adelaide 
Perth 
139,240 
150,925 
72,109 
44,603 
66,670 
26,811 
27,178 
15,153 
8,776 
12,822 
14,559 
15,781 
7,540 
4,664 
6,971   270 
2020 Sydney 
Melbourne 
Brisbane 
Adelaide 
Perth 
135,452 
141,561 
73,513 
40,071 
69,341 
23,177 
28,767 
17,558 
8,954 
14,753 
15,036 
15,714 
8,160 
4,448 
7,697 
Source: Modelled from data contained in ABS (1997, 1997 to 2002, 2003, 2003a), BTRE (2002), Cosgrove (2003), 
DTRS (2001), Kenworthy et al. (1999), Kenworthy and Laube (2001) and Real (2003). 
 
Figure 7.6 - Scenario 2 first-stage exhaust emission inventory Australian cities 2000, 2010 and 2020 
 
Source: Modelled from data contained in ABS (1997, 1997 to 2002, 2003, 2003a), BTRE (2002), Cosgrove (2003), 
DTRS (2001), Kenworthy et al. (1999), Kenworthy and Laube (2001) and Real (2003). 
Scenario 2 portrays a similar outcome to Scenario 1, but with a more realistic emission inventory 
from the cities’ ADR27A, ADR27C and ADR37 vehicles, resulting in much higher emissions for 
all pollutants in all years relative to Scenario 1.  The attrition of older vehicles with time and the 
influence of vehicles with improved automotive engineering emission controls still positively 
influence the city’s first-stage emission inventory to 2010 with significant reductions in all 
pollutants in all years.  However, in the 2020 decade, the continued increased growth in 
automobile use again shows the limit of the technical automotive engineering fix to reduce total 
emissions.  In this case between 2010 and 2020, nine out of the fifteen possible cases show 
increases in total emissions and the 2020 figures are all higher than in Scenario 1. 
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Scenario 3: first-stage mass emission inventory for automobile exhaust emission pollutants in 
Australian cities 
Table 7.22 and Figure 7.7 show the first-stage mass emission inventory using Scenario 3 for the 
case study Australian cities. 
Table 7.22 – Scenario 3 first-stage inventory of CO, NOx and HCs for Australian cities 2000, 2010 and 2020 
Annual average tonnes of primary pollutant  Year City 
Carbon monoxide  Oxides of nitrogen  Hydrocarbons 
2000 Sydney 
Melbourne 
Brisbane 
Adelaide 
Perth 
412,713 
454,005 
200,779 
141,750 
183,381 
58,660 
64,529 
28,537 
20,147 
26,064 
38,632 
42,497 
18,794 
13,268 
17,165 
2010 Sydney 
Melbourne 
Brisbane 
Adelaide 
Perth 
145,554 
157,769 
75,378 
46,626 
69,693 
29,188 
31,637 
15,115 
9,350 
13,975 
15,196 
16,471 
7,869 
4,868 
7,276 
2020 Sydney 
Melbourne 
Brisbane 
Adelaide 
Perth 
130,502 
136,388 
70,827 
38,606 
66,807 
23,919 
24,998 
12,982 
7,076 
12,245 
13,961 
14,308 
7,430 
4,050 
7,009 
Source: Modelled from data contained in ABS (1997, 1997 to 2002, 2003, 2003a), BTRE (2002), Cosgrove (2003), 
DTRS (2001), Kenworthy et al. (1999), Kenworthy and Laube (2001) and Real (2003). 
 
Figure 7.7 - Scenario 3 first-stage exhaust emission inventory Australian cities 2000, 2010 and 2020 
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Note: carbon monoxide values are divided by 10 for data presentation. 
Source: Modelled from data contained in ABS (1997, 1997 to 2002, 2003, 2003a), BTRE (2002), Cosgrove (2003), 
DTRS (2001), Kenworthy et al. (1999), Kenworthy and Laube (2001) and Real (2003). 
Scenario 3 is the most likely first-stage automobile exhaust mass emission inventory for the 
Australian cities in this study.  The recent emissions testing in 1998 and 2000 by the 
Commonwealth Department of Transport and Regional Services suggests that automobiles are 
showing ‘in-use’ emissions values considerably lower than their required ADR compliance 
standard.  This is a positive step for the automotive engineering technical-fix scenario.  However, 
in the decade from 2010 to 2020, Scenario 3 shows the influence of continued automobile use on 
total automotive emissions, even when 90% of a city’s automobile exhaust emissions are projected 
at half their ADR compliance standard.  Although in each case there are reductions in total 
emissions over 2010 levels, the level of reduction over the 10-year period is small compared to the 
previous decades. 
To explore these findings further, Figure 7.8 shows each of the three scenarios’ total tonnes of 
primary pollutants (CO+NOx+HC) modelled for Perth in 2000, 2010 and 2020.  Figure 7.9 shows 
total tonnes of primary pollutants (CO+NOx+HC) predicted for Scenario 3 in the five Australian 
case study cities for 2000, 2010 and 2020. 
Figure 7.8 - Total tonnes of primary pollutants (CO+NOx+HC) for Perth in 2000, 2010 and 2020 for the three scenarios 
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Figure 7.9 - Total tonnes of primary pollutants (CO+NOx+HC) predicted for Scenario 3 in the five Australian case study 
cities for 2000, 2010 and 2020 
 
Source: Modelled from data contained in ABS (1997, 1997 to 2002, 2003, 2003a), BTRE (2002), Cosgrove (2003), 
DTRS (2001), Kenworthy et al. (1999), Kenworthy and Laube (2001) and Real (2003). 
Figure 7.8 reveals for Perth how, even with strict emissions control, further reductions in total 
emissions are difficult to obtain.  Only for Scenario 3 is there a tiny reduction.  Likewise, 
examining Figure 7.9 which looks only at Scenario 3 for each of the Australian cities, it is clear 
that whilst in Adelaide, Sydney and Melbourne small reductions in total emissions are predicted, 
in Brisbane and Perth the status quo is maintained.  Essentially, automotive emissions technology 
is confronting a law of diminishing returns. 
In summary, this section describes a methodology for the prediction of a first-stage mass emission 
inventory from a city’s private automobile fleet.  The transport sector is well known for the 
emission of primary pollutants and their contribution to urban air quality.  Throughout the world 
the growth of personal motorised mobility is increasing and to counteract the transport sector’s 
impact on urban air quality there is a continued tightening, or technical-fix route, in the allowable 
exhaust emission standards.  However, the ability of automotive engineering technologies to 
continue improving these standards tends to reach limits under a scenario of increasing automobile 
use, as seen over the last 10 years of the modelled projections.  Further long term technical-fix 
suggestions such as hydrogen fuelled vehicles and vehicles with zero exhaust emissions are 
presented as engineering solutions without addressing strategies directed at automobile use 
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restraint which can have other positive flow-ons.  Continued reliance on the technical-fix approach 
may have reached its effective limit as far as future air quality in Australian cities is concerned. 
Similar conclusions have been reached by a number of studies around the world.  For example 
"These measures would reach maximum effectiveness around the year 2010, at which 
point emissions of CO, HC and NOx could be 58%, 52% and 33% lower, 
respectively, than 1990 levels.  After 2010, however, emissions of CO and NOx 
would begin to rise once more, due to increases in fleet size and road traffic." 
(OECD, 1995:13). 
"After the year 2010, however, probable growth in traffic would once more begin to 
cause overall emissions to rise unless new, advanced abatement measures were 
brought into the market." (OECD, 1995:14). 
"Until zero-emission vehicles become practical for general use, even the tightest end-
of-pipe controls feasible will tend to be offset as the vehicle population and its 
kilometreage increases."  (OECD, 1995:75). 
"The data show how the largest reductions in emissions have already taken place, 
with projections that further reductions ... leave little room for improvement ..." 
(Colvile et al., 2001). 
Discussing implications of a ‘Business-as-usual’ scenario the Australian Academy of Technology, 
Science and Engineering (1997:111) states  
"Overall increase in vehicle use may mean that the air quality gains already made, 
mainly through improved vehicles and unleaded fuel, will not be sustained." 
The scenarios described and the predictions made in this section suggest the greater importance 
and influence of private automobile use to present and future urban environmental policy and 
strategy.  The conclusion of this section is that reducing private automobile kilometres of travel is 
essential to prevent the continued deterioration of urban air quality and achieve durable 
improvements in this factor. 
7.7  Predicting private motorised mobility: application to photochemical 
smog pollution 
Photochemical oxidants are a group of air pollutants that are produced by the action of sunlight on 
previously emitted reactive chemicals.  The most important of these oxidants is ambient ozone or 
O3.  The chemicals that act as ozone precursors are oxides of nitrogen and a variety of volatile 
hydrocarbons predominantly emitted by motorised vehicles.  Under appropriate conditions, where 
heavy traffic occurs in association with strong sunlight and in particular, temperature inversions,   275 
ambient ozone episodes can be generated and such episodes are commonly called photochemical 
smog.  Because of its photochemical origin, ozone displays strong seasonal and diurnal patterns, 
with higher concentrations in summer and in the afternoon. 
The impact of ambient ozone on environmental health has been widely researched and the World 
Health Organisation in its comments of the effects ozone states that “The severity of respiratory 
and other symptoms parallels the impairment of pulmonary function both in magnitude and time-
scale.” (WHO, 1987:321).  Asthma is a major environmental health concern in many cities.  In 
particular, Australian cities have amongst the highest incidence of asthma in the developed world.  
Epidemiological studies have shown a positive relationship between asthma attacks and ambient 
ozone levels and indicated that asthma attacks may be exacerbated by ambient ozone at levels less 
than typically accepted national air quality guidelines (WHO, 1987; NEHF, 1997; WHO, 2003). 
The chemical reactions for the production of ambient ozone are complex, but a simplified 
framework for understanding them has come from the work of Johnson (1984) and is shown in 
Figure 7.10. 
Figure 7.10 – Ozone chemical reaction 
    ROCs + NO + hv                      NO2 
  N O 2 + hv                                   NO + O* 
  O *   +   O 2                                     O3 
Source: Johnson (1984), NEHF (1997), WHO (1987). 
ROCs are reactive organic compounds (hydrocarbons), NO is nitric oxide, NO2 is nitrogen 
dioxide, hv is sunlight, O* is an oxygen radical, O2 is oxygen and O3 is ozone (the main 
component of photochemical smog). 
7.7.1  Ambient ozone a case study of five Australian cities 
The first-stage exhaust emission inventory described in Scenario 3 shows the continued generation 
of significant levels of the precursors for ambient ozone across Australia’s major population 
centres.  This inventory is shown in Table 7.23 just for oxides of nitrogen (NOx) and hydrocarbons 
(HC), the main precursors of photochemical smog. 
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Table 7.23 – Scenario 3 precursors for ambient ozone 2000, 2010 and 2020 (annual average tonnes of pollutant, NOx, HCs) 
Annual average tonnes of pollutant 
Oxides of nitrogen  Hydrocarbons 
City 
2000 2010 2020 2000 2010 2020 
Sydney 
Melbourne 
Brisbane 
Adelaide 
Perth 
58,660 
64,529 
28,537 
20,147 
26,064 
29,188 
31,637 
15,115 
9,350 
13,975 
23,919 
24,998 
12,982 
7,076 
12,245 
38,632 
42,497 
18,794 
13,268 
17,165 
15,196 
16,471 
7,869 
4,868 
7,276 
13,691 
14,308 
7,430 
4,050 
7,009 
Source: Modelled from data contained in ABS (1997, 1997 to 2002, 2003, 2003a), BTRE (2002), Cosgrove (2003), 
DTRS (2001), Kenworthy et al. (1999), Kenworthy and Laube (2001) and Real (2003). 
The data show the influence of increased automobile use in the decade 2020 and its consequential 
impact on the inventory of ambient ozone precursors. The fact that ozone precursors over the 
decade 2010 to 2020 are only slightly reduced in virtually all Australian cities, even with very 
significant changes to the automobile exhaust emission rate, is of concern to environmental health 
professionals as asthma attacks may be exacerbated by ambient ozone at levels less than accepted 
national air quality guidelines (NEHF, 1997). 
Physick et al. (2002) describes a modelling procedure for exploring the development of ambient  
ozone in Perth, Western Australia.  This model’s motor vehicle emissions input component is 
determined on the basis of a population-inventory, that is, an emissions factor is obtained by 
dividing the total emission of a pollutant by the total population.  The vehicle emissions are placed 
in a grid, with a 3km-grid interval, according to the population distribution across Perth’s 
metropolitan area.  The application of the private motorised mobility model developed in this 
thesis provides a superior, simpler and more robust means of defining Perth’s automobile exhaust 
emission inventory than used by Physick et al. (2002).  This is achieved by accounting for the 
percentage of the automobile fleet in different ADR emission groupings and particularly 
automobile use over the entire metropolitan region.  The continued increases in automobile use in 
urban environments, as discussed in Chapter 2 and referred to in this chapter through various air 
pollution studies, is significant in predicting likely future impacts of automobile exhaust pollutants 
on the population’s environmental health. 
7.8  Chapter summary and conclusion 
The potential application of the private motorised mobility model developed in this thesis has been 
shown in this chapter in terms of its ability to predict future automobile VKT by obtaining best 
estimates of the model’s basic input data into the future.  Such estimates would be obtainable in 
many cities with a minimum amount of effort.  It has also shown how these VKT predictions can 
then be combined, in Australian cities, with future projections of emissions rate data under   277 
different fleet-based emissions standards, including deterioration estimates.  The relevance of this 
work to environment health research has been sketched out.  Its importance will gather momentum 
as cities, especially in the developing world, motorise at an ever increasing rate. 
The approach in this chapter using Australian cities as case studies has wider application.  For 
example, Carslaw and Beevers (2002) and AEA Technology Environment (2003) developed an 
inventory of automobile exhaust emissions for the City of London which, although superior to that 
of Physick et al. (2002) in Perth, could be improved by the research in this thesis.  The motor 
vehicle exhaust inventory developed by the above researchers accounts for the age of vehicles and 
subsequent changes in emission rates, fleet road network speed and automobile use, VKT, across 
London’s total metropolitan road network.  However, the model developed in this thesis would 
complement the Carslaw and Beevers approach by providing a simpler and equally robust 
procedure consuming less resources and cost in its development. 
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CHAPTER EIGHT 
 
CONCLUSION 
 
This chapter reviews and summarises the findings of this study and assesses whether the thesis has 
successfully answered the research questions that were posed in Chapter 1.  It then briefly 
overviews the models’ ability to reproduce observed private, public and non-motorised mobility at 
the city level.  The private motorised mobility model’s policy implications and ability to interpret 
past trends and its urban environment applications and capacity to predict future trends, are then 
summarised.  Finally, suggestions are made for a number of important lines of follow up research 
that have been opened up by the findings presented in this dissertation. 
8.1 Overview 
This thesis began by providing a series of broad insights about population, urbanisation, 
automobile ownership and use, public transport and non-motorised mobility at the national, city 
and household level.  Over the last few decades and as far as can be gauged into the future, the 
world’s population continues to exhibit continuous growth, with a much higher proportion of the 
population living in larger cities and metropolitan areas especially in poorer countries.  People 
travel daily irrespective of the vast differences in culture, wealth and means of transportation that 
exist worldwide.  Even though there is wide disparity in these patterns and trends, daily travel is 
sought for its own sake as well as to bridge the distances that separate people’s homes from their 
work place, to accomplish domestic needs and to undertake social journeys.  Although overall 
trends in urban travel are generally headed in the same direction of more private motorised travel, 
a clear grasp of the importance of public transport and non-motorised travel at the city level cannot 
be overlooked. 
As the world’s urban population undertakes its daily mobility by a variety of transportation modes, 
an individual’s mobility behaviour and mode-choice is governed by a complex matrix of physical 
and human, social and management factors.  Whilst it is possible to develop models that begin to 
understand the travel behaviour of individuals on a micro-scale within cities, it is the collective   279 
manifestation of these individual travel decisions in terms of the overall transport patterns 
observed within cities that have been at the heart of the research in this thesis. 
Four research questions have guided and focused the study.  The first called for a thorough review 
and analysis of the fundamental underlying measures or factors that drive the various forms of 
transport mobility in cities.  The second asked whether sketch-plan models could be developed 
from macro-level urban transport and land-use data that are capable of predicting private 
motorised, public transport, and non-motorised mobility at the city level.  The third question 
addressed the problem of whether the private motorised mobility model could adequately explain 
observed changes over time in a city’s private motorised mobility.  Finally, the fourth question 
asked whether the private motorised mobility model could assess and predict future impacts of 
three primary pollutants emanating from the exhaust systems of mobile-sources.  This aspect of 
the study tested the capacity of the model for its usefulness in predicting future levels of private 
motorised mobility. 
8.2  Findings and conclusions on the fundamental measures underlying 
transport mobility 
8.2.1  Private motorised mobility measures 
Chapter 2 undertook a thorough review of a broad body of academic and professional literature at 
a national, city and household level on what constitutes the underlying measures that drive private 
motorised mobility.  The chapter presents a balanced argument surrounding each measure that has 
the potential to significantly influence private motorised mobility levels.  This presentation is 
supported by a detailed examination of the relationship between each measure and observed levels 
of private motorised mobility, particularly at the city level.  Here use is made of established 
transport and land-use data sets.  This knowledge is extended through the establishment of a new 
series of data sets from a number of recently published independent sources that allow a broader 
time scale examination of the measures that are considered to drive private motorised mobility.  
This chapter also undertakes a series of statistical analyses examining the significance of these 
measures. 
This review provided a substantive contribution towards answering Research Question 1.  The 
main findings were that: 
•  A number of broad factors contribute to the level of private motorised mobility at the national, 
city and household level.  Figure 2.31 provides a summary of these in terms of income,   280 
demographics, policy, behaviour and attitude, public transport, land-use planning and service 
quality and price. 
•  The fundamental underlying measures that drive private motorised mobility are relevant across 
more developed and less developed countries, cities and households. 
•  There is a huge disparity worldwide in private passenger vehicle ownership and use.  This 
disparity manifests itself through wide variations in economic circumstances, particularly 
personal affluence. 
•  Not surprisingly, a combination or cumulative effect of a series of measures drives private 
motorised mobility at the national, city and household level.  As might be expected, the review 
indicates that no one single measure can be used to understand private motorised mobility at 
any level. 
•  Despite the passage of time there is a consistency in the fundamental underlying measures that 
drive private motorised mobility, particularly at the city level. 
•  At the city level personal affluence expressed as GDP per capita, is a measure that helps to 
drive private motorised mobility in cities where the annual average GDP per capita is less than 
$US10,000 (a developing city).  However, in cities where the annual average GDP per capita 
is greater than $US10,000 (a developed city), the influence of this measure is greatly 
diminished as a driver of private motorised mobility. 
•  In both developed and developing cities, metropolitan urban population density, metropolitan 
employment density and the total metropolitan road infrastructure length are critical measures 
that drive private motorised mobility. 
•  In both developed and developing cities the total metropolitan rail infrastructure length has 
variable influence in determining private motorised mobility. 
•  In both developed and developing cities, public transport service kilometres (a measure of 
public transport service levels) and public transport use are key measures that drive private 
motorised mobility. 
•  There are a number of human, social and management measures (see Table 2.40) that were not 
statistically analysed due to a lack of appropriate data.  However, the literature review 
suggests that these measures also influence private motorised mobility at the city level, and as 
such cannot be overlooked in helping to explain discrepancies in particular cities. 
Overall, this chapter has provided a clearer grasp and perspective on the fundamental underlying 
measures that drive private motorised mobility than has previously been presented in the literature. 
8.2.2  Public transport mobility measures 
The first part of Chapter 3 continues the literature review and provides an understanding of what 
constitutes the underlying measures that drive public transport.  This chapter is focused primarily 
on the city level.  Generally, public transport can be divided into three stereotypes.  First there are 
the North American and Australian cities where the systems are mostly mediocre, apart from a few 
standout cities such as New York, Toronto and Sydney, and patronage struggles for market share 
against an ever-increasing reliance on private motorised mobility.  Secondly, in European and   281 
some wealthy Asian cities where historical and cultural backgrounds favour public transport and 
increasing private automobile ownership and use is moderated by good public transport systems.  
Thirdly, there are the developing cities, particularly Asian cities, where highly patronised bus 
networks dominate the public transport systems, but for the most part these systems struggle to 
retain patrons due to growing congestion and lack of protected rights-of-way for public transport.  
As well, in these cities there are often highly developed paratransit networks that fall between the 
private automobile and a conventional bus network in terms of capacities and service delivery.  
Profit motive entrepreneurs drive these paratransit systems in many developing cities.   
Unencumbered by strict operating regulations, paratransit’s success lies in its flexibility, 
adaptability and low fares, as they aggressively seek out new and expanding markets. 
Thus the fundamental measures driving public transport under these diverse circumstances are 
varied, and in this research they have been segregated into physical and socio-economic measures 
as well as human, social and management measures.  Amongst the physical and socio-economic 
measures were income, demographics and urban infrastructure, whereas preference, perception, 
governance, ethnic and cultural backgrounds, comprise some of the human, social and 
management measures. 
The chapter again provides a balanced argument for each measure that contributes to public 
transport use and this is supported by a number of detailed analyses of well-documented transport 
and land-use data.  In addition, from various independent sources, a series of data are brought 
together for the first time in this chapter, to extend and enhance the understanding of the above 
analyses, and the measures that appear to drive public transport mobility at the city level.  The 
chapter offers a series of statistical analyses of the significance of the measures that drive public 
transport mobility, where robust data are available. 
This review thus provided a further substantive contribution towards answering Research Question 
1.  The main findings were that: 
•  The fundamental underlying measures that drive public transport mobility are relevant across 
more developed and less developed countries, cities and households. 
•  A combination or the cumulative effect of a series of measures drives public transport mobility 
at a city level.  Importantly, the review shows, not unexpectedly, that no single measure is 
sufficient to produce an adequate model of public transport mobility, even at a metropolitan 
scale. 
•  Despite the passage of time, there is a consistency in the fundamental underlying measures 
that drive public transport mobility, particularly at the city level. 
•  Personal affluence places a monetary value on the time spent undertaking daily mobility.   
Personal affluence, travel time-budget and overall road network speed drive a demand and   282 
mode-choice shift from slower public transport to faster automobiles for personal daily 
mobility in cities (in the absence of speed-competitive public transport modes). 
•  In developed and developing cities, metropolitan urban population density, metropolitan 
employment density, total metropolitan road infrastructure length, automobile occupancy and 
automobile parking supply in the CBD are measures that drive public transport mobility. 
•  Other physical and human, social and management measures (see Table 3.29 and Table 3.30 
respectively) were not statistically analysed due to a lack of appropriate data.  However, the 
literature review suggests that these are measures that also contribute to public transport 
mobility at the city level and as such can not be overlooked, especially in helping to 
understand why some cities appear as outliers in any generalised model of public transport 
mobility. 
This chapter has developed a clearer perspective on those fundamental underlying measures that 
drive public transport mobility than has previously been brought together in the literature. 
8.2.3  Non-motorised transport mobility measures 
The second part of Chapter 3 reviews the knowledge within the literature of the measures that 
drive non-motorised mobility at the city level.  Non-motorised mobility, (walking and bicycling), 
displays large differences in the urban transportation market share within developed cities, and 
between developed and developing cities.  It holds about 5% of this market in many American and 
Australian cities, whilst in Europe it can rise to 30% or more, and in developing cities its share 
often approaches 70 to 80%.  Whereas walking is seen, in most world cities, as a viable alternative 
to motorised mobility over short distances, bicycling is, in many instances, constrained by 
personal affluence, cultural values and a variety of other factors such as safety, climate and 
topography.  Of the three urban mobility modes considered in this thesis, non-motorised mobility 
is influenced or driven more by human, social and management measures than either private 
motorised or public transport mobility and appears to be determined more by a range of micro-
level factors at work in neighbourhoods and different zones of the city. 
A limiting feature of this review is that non-motorised transport modes have received much less 
attention in recent transportation research.  Also, the review is further limited by a lack of robust, 
standardised time-series data with which to explore the underlying factors of non-motorised 
mobility.  In this thesis, these relationships between non-motorised mobility levels and 
explanatory factors are limited to 1995 data at the city level. 
This chapter has delivered, where practicable, a perspective on what constitutes the fundamental 
underlying measures that drive non-motorised mobility on a metropolitan scale than has heretofore   283 
been presented in the literature. This review has nevertheless provided a final substantive 
contribution towards answering Research Question 1.  The main findings were that: 
•  Again, not surprisingly, a combination or cumulative effect of a series of measures drives non-
motorised mobility at a city level.  It indicates that a complex matrix of human, social and 
management measures play important roles and influence non-motorised mobility, especially 
in developing cities, and these are not easily measured or modelled on a metropolitan scale. 
•  The mode of daily travel in many less developed cities is highly variable, a switch from bus to 
walking and back again is common practice as personal wealth, and household income varies 
from day-to-day. 
•  In both developed and developing cities, walking is a viable alternative personal mobility 
option to motorised mobility for distances up to about 2 kilometres.  In developed cities, 
walking and bicycling is very infrastructure-dependent, however, in developing cities this 
mobility mode competes with all other forms for space throughout the city. 
•  In developed and developing cities the metropolitan urbanised area, metropolitan urban 
population density and metropolitan employment density are key measures that help explain 
the non-motorised mobility levels. 
•  The other physical and human, social and management measures that have a significant 
influence on non-motorised mobility at the city level are shown in Tables 3.29 and 3.30. 
Overall, this chapter has helped to provide a clearer overview on the factors that drive non-
motorised mobility on a metropolitan scale than has previously been assembled in the literature. 
The fundamental underlying drivers of private, public and non-motorised mobility measures 
delivered in Chapter 2 and Chapter 3 satisfactorily answer Research Question 1 for the purpose of 
the research conducted in this dissertation. 
8.3  Findings and conclusions on urban mobility model equations 
8.3.1  Private motorised urban  mobility model 
A private motorised urban mobility model is formulated in Chapter 4 using the principles of 
dimensional analysis and the premise that a dimensionally homogeneous relationship exists 
between the controlling measures established in Chapter 2.  This technique is particularly powerful 
for deriving theoretical equations in the physical sciences, and its use in this thesis is a novel 
application in the more traditional social sciences.  This acknowledges more explicitly that cities 
are physical systems, which in all probability obey certain physical laws and are further examples 
of self-organising structures, which emerge from local actions. 
The private motorised mobility model developed in this thesis did not attempt to provide an 
alternative to the more detailed land-use transport planning models in use around the world.     284 
Rather, it delivered a reliable and robust sketch-plan model that models private motorised urban 
mobility at a city level to a high degree of statistical significance and reliability.  It fulfils the 
recent challenge to develop such a model that is a) easy to use, minimising user requirements and 
data inputs; b) policy-sensitive, capable of assessing a sufficient range of policy options; and c) 
reliable, so that the results can be believed. 
The research in this thesis has delivered a sketch-plan model that is capable of predicting at least 
90% of the variance in private motorised mobility in both developed and developing cities.  This 
model has provided a substantive contribution towards answering Research Question 2.  The main 
findings were that: 
•  Despite the passage of time there is a consistency in the structural form and terms of the 
private motorised urban mobility model equation at the city level. 
•  The model equation for any city’s private motorised urban mobility can be defined as 
  ∏mob  =  p0 (Πuf
p1) {1 / [1 + exp (-p2Πvehicle)]}
p3    (8.1) 
where the terms are defined in Chapter 4 and p1, p2 and p3 are parameters defined by non-linear 
regression. 
8.3.2  Public transport mobility model 
A public transport mobility model is formulated in Chapter 5 using the principles of dimensional 
analysis and the premise that a dimensionally homogeneous relationship exists between the 
controlling measures established in Chapter 3.  The public transport mobility model delivered here 
is strongly influenced by a series of controlling measures specific to a city’s urban infrastructure.  
The controlling measures for public transport mobility are metropolitan urban area (urbanised area 
square kilometres), total length of metropolitan road network (kilometres) and the ratio of the 
average speed (km/h) of the overall public transport network to the road network. 
The model delivered will predict public transport mobility of developed high-income cities to a 
reasonable degree of reliability, though it is not as clear as the private motorised mobility model.  
However, prediction of public transport mobility in developing low-income cities is less than 
statistically desirable.  Nevertheless, it has provided a substantive contribution towards answering 
Research Question 2.  The main findings, and the conditions attached to them, is that: 
•  Despite the passage of time there is a consistency in the structural form and terms of the public 
transport mobility model equation at the city level.   285 
•  The model is capable of predicting public transport mobility of cities with a GDP per capita of 
greater than $US10,000 to a high degree of statistical significance. 
•  The model has difficulty in predicting public transport mobility of cities with a GDP per capita 
of less than $US10,000.  This thesis suggests a number of reasons for this.  The thesis suggests 
that a major contributing factor is that the model was developed primarily on controlling 
measures that influence this mobility in developed high-income cities.  It also suggests another 
cause was the lack of a standardised data set of controlling measures associated with human, 
social and management factors that influence this mobility in developing low-income cities. 
•  A public transport mobility model equation at the city level can be defined as 
  ∏pub  =  (Π5
^p1) (∏psk
^p2) (∏speed
^p3) (∏rdm
^p4)    (8.2) 
where the terms are defined in Chapters 4 and 5 and p1, p2 and p3 are parameters defined by non-
linear regression. 
8.3.3  Non-motorised mobility model 
The thesis has had marginal success in the delivery of a non-motorised mobility model.  The lack 
of comparable time-series data similar to that used for private motorised and public transport 
mobility has made answering this part of Research Question 2 difficult.  A methodology to 
develop such a model is delivered as well as a preliminary, ‘guide only’, non-motorised transport 
mobility model for developed and developing cities.  This model has provided the final 
contribution towards answering Research Question 2.  The main findings were that: 
•  Personal affluence, ethnic and cultural perceptions are probably major contributing measures 
to wide variations in non-motorised mobility behaviour across many less developed cities and 
as well are probably at work in developed cities. 
•  In both developing and developed cities, more localised measures related to city transport and 
planning policy, quality of the public realm, environmental features of the infrastructure, 
including separation from motorised modes, personal safety in the evenings, proximity of 
essential services and, to a lesser extent, climatic influences all have a big bearing on non-
motorised mobility. 
•  A non-motorised transport mobility model equation at the city level has nevertheless been 
defined as 
∏nmm  =  (Π2
^p1) (∏20
^p2) (∏speed
^p3)     (8.3) 
where the terms are defined in Chapters 4 and 5 and p1, p2 and p3 are parameters defined by non-
linear regression. 
The urban mobility model Equations 8.1, 8.2 and 8.3 collectively provide an answer to Research 
Question 2.   286 
8.4  Applications of the private motorised urban mobility model 
8.4.1  Changes in  private motorised mobility in cities and their policy 
implications 
A model is the representation of real world phenomena through a set of mathematical equations 
and the ultimate aim of land-use transportation system models is to determine the amount of traffic 
that can be expected in an urban area in the future.  Most cities have relatively sophisticated travel 
forecasting methods at their disposal, nevertheless practitioners also need sketch-plan forecasting 
models that can be applied more easily and with fewer resources to determine more broadly the 
amount of travel within metropolitan areas.  General transport policy analysis is a common use of 
sketch-plan models. 
A mathematical re-arrangement of the private motorised mobility model is used in Chapter 6 to 
consider the effectiveness of a number of transport policy instruments directed at restricting 
automobile use at the city level.  A detailed examination is presented of a series of case study 
cities that are chosen either on the basis of their noteworthy or unusual automobile use restraint 
policies, or as typical examples of cities in particular geographical regions.  The case study cities 
are Singapore, Hong Kong, Stockholm, Munich, New York, Phoenix and Perth. 
This analysis of private motorised mobility in these seven cities suggests that the increase in urban 
mobility between 1960 and 1995 can be at least partially attributed to increased affluence and the 
consequent greater ownership of automobiles.  However, such increased automobile ownership 
does not automatically flow through to increased private automobile kilometres of travel and a 
number of case study cities show that automobile restraint policy initiatives can contain the growth 
of automobile use.  Overall, these case study analyses highlight the fact that if cities are to 
minimise growth in automobile use then they cannot afford to overlook in their policy agendas, 
any of the key fundamental underlying measures that drive private motorised mobility.  This 
approach and the applications of the model equation are of importance to transport and planning 
practitioners as they focus directly on the measures that are capable of reducing automobile use in 
their city.  The analysis in Chapter 6 demonstrates the private motorised mobility model’s utility in 
explaining observed historical changes in private mobility.  The results appear to be consistent 
with known transport, land-use and other policy initiatives in the case study cities.   287 
In terms of the public and non-motorised mobility models, it was not considered worthwhile to 
pursue Research Question 3 because the models’ reliability and explanatory power are not yet at a 
level where this is likely to be productive. 
8.4.2  Environmental policy implications of private motorised mobility in 
cities 
Motorised vehicle use is now generally recognised as the major source of urban air pollution, more 
than any other single human activity.  In recent reports, the World Health Organisation and other 
equally eminent authorities indicate that many large developed and developing cities still 
experience exceedences of internationally recognised air quality guidelines for at least one 
pollutant emanating from automobile exhaust systems.  However, it is noted that vehicle exhaust 
emissions are also strongly influenced by road traffic volume, vehicle kilometres of travel (VKT), 
and vehicle speed and vehicle maintenance, amongst others.  As such, the ambient concentration 
of automotive air pollutants will vary from city-to-city and from time-to-time. 
The private motorised mobility model can predict present and future automobile use and thus is 
capable of estimating a first-stage emissions inventory of the primary pollutants emanating from 
the exhaust systems of a city’s total automobile fleet  This application of the model is shown in 
Chapter 7 and its transportation, planning and environmental health policy implications are 
generally twofold.  Firstly, it is capable of focusing automotive engineering policy and decision-
makers on current and future automobile exhaust emission standards.  Secondly, for urban 
planning practitioners it directs attention to policies that are essential to restrain projected levels of 
automobile use and potentially severe urban air quality pollution problems from automobile 
exhausts. 
It can be concluded that the private motorised mobility model is useful in forward-looking studies 
related to automobile use and its potential environment implications. 
8.5  Suggested follow-up research 
This study raises a series of issues that could not be explored or analysed and are worthy of further 
investigation.  The main examples of these issues are listed below.   288 
8.5.1  Transport and land-use data 
This thesis has made extensive use of transport and land-use data from 1960 to 1990 taken from 
Kenworthy et al. (1999) and for 1995 taken from Kenworthy and Laube (2001).  The 1995 
transport and land-use data of 83 cities from five continents is ideal for the development of a set of 
private motorised and public transport mobility model equations as delivered by this thesis.   
However, for non-motorised mobility, the average trip distance for bikes and walking are 
necessary for accurate calculation of passenger kilometres.  In addition, other variables as note in 
previous chapters, measurable at a metropolitan scale, that influence public transport and non-
motorised mobility, would be very useful.  Such data could be used to refine the development of 
the non-motorised mobility model.  Likewise, more data on a wider range of developing cities 
could be used to improve the performance of the developing cities in the public transport mobility 
model, especially if it included additional variables that appear to be necessary in explaining 
public transport use in lower income environments.  A centralised collection process for this 
transport and land-use is recommended that would provide researchers with a continuum of this 
essential urban transport and land-use data. 
8.5.2  Saturation of automobile ownership and use 
This study has highlighted the importance of a saturation effect in automobile ownership at the 
city level.  This term is an essential measure in the private motorised urban mobility model 
equation.  As such, better understanding than presently exists of the measures that drive 
automobile saturation at the city level is seen as important in the development of urban transport 
policies and strategies. 
This thesis has shown through an analysis of Australian cities and evidence in the literature from 
other cities that, out to 2020, annual average automobile kilometres of travel at the city level is 
continuing to grow.  The transport and planning implications of such a situation will have serious 
consequences for planning policy, environmental health related to air pollution, noise impacts and 
other automobile-related impacts in city environments.  Improvements in the policy responses 
towards the measures that drive automobile use are seen as critical to the future amenity of any 
city.   289 
8.5.3  Private motorised mobility model 
This thesis has developed a private motorised mobility model that is capable of predicting 
automobile use in both developed and developing cities to a high degree of statistical reliability.  
This model predicts mobility at a total metropolitan urban area level.  However, there are strong 
grounds for further research to investigate whether this model is equally robust at a Local 
Government Authority level, that is, municipalities within cities.  At this smaller local level, such a 
model would be particularly useful in assisting the development of policies and strategies such as 
Travel Smart. 
8.5.4 Human,  social  and management measures 
The thesis has alluded to the human, social and management measures that drive urban mobility.  
The literature provides an explanation of these measures in a descriptive manner and their linkage 
to the physical measures cannot be overlooked.  If practicable, an improved methodology for 
understanding and quantifying the influence of these measures at the metropolitan scale needs to 
be developed so that it allows some minimal statistical appraisal of their influence on the physical 
measures that drive urban mobility. 
8.6 Concluding  comment 
This study has developed a sketch-plan model that predicts private motorised urban mobility to a 
high degree of statistical reliability for both developed and developing cities.  The private 
motorised urban mobility model fills an important gap in the knowledge of urban transport 
analysis and policy initiatives that have bearings on the quality of life, the health and the 
livelihoods of people living in urban environments across developed and developing cities. 
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APPENDIX 
 
The Appendices for this thesis are contained in the attached CD-ROM.  The thesis data is 
contained in Microsoft Excel ® spreadsheets. 
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APPENDIX 14.1 
Print out of private motorised mobility model Equation 4.11. 
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APPENDIX 14.2 
 
Print out of public transport mobility model Equation 5.8. 
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APPENDIX 14.3 
 
Print out of non-motorised mobility model Equation 5.17. 
 
 